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PREFACE

The field of environmental science and technology has made enormous
strides in recent years. This rapid growth has been stimulated both by the
concerted efforts of scientists and engineers trained in traditional environ-
mental disciplines, as well as by the diffusion of ideas from other (non-envi-
ronmental) fields. This book is about the positive role that electrochemical
science and engineering can play in the detection, quantification, and treat-
ment of environmental pollutants. It is targeted both at an environmental
specialist audience and at the practicing electrochemist. In so designing the
theme, compromise necessarily had to be made between depth, breadth of
coverage, and the size of the book; it is our hope that an appropriate balance
has been achieved.

The book is divided into eight chapters. The first two are introductory
chapters. Those well versed in environmental problems will find little that is
new in Chapter 1. Similarly, practicing electrochemists can safely skip Chap-
ter 2. Chapter 3 provides a survey of the electrochemical data base on com-
mon types of environmental pollutants. Chapters 4 through 7 attempt to
delve into the details of environmental electrochemical analyses (Chapter 4),
electrochemical methods for pollution abatement (Chapter 5), photo-assisted

XV




xvi Preface

methods for pollution control (Chapter 6), and water/air disinfection ap-
proaches (Chapter 7). The reference list is extensive in each case, and ought to
facilitate easy entry into the specialized literature. Illustrations are liberally
employed to illustrate a particular principle or approach.

We realize that this book describes an evolving discipline, and undoubtedly
there are many shortcomings. We hope to hear from readers about the flaws - in
detail, logic, or in other respects - that have escaped our notice. The purist may
also find some of our discussion approaches to be rather unconventional. For
example, the classification of environmental pollutants into neat little “boxes”
(see Table 1.3) is completely arbitrary, and has been done only to facilitate a con-
cise review. Similarly, many environmentalists may be taken aback by the vir-
tual lack of material related to nuclear waste treatment. Unfortunately, neither
of us are knowledgeable enough about this topic to write about it.

Many people made meaningful contributions to the preparation of this
book. Gloria Madden managed to transcribe (with her usual efficiency) un-
readable drafts into the final manuscript version, improving the organization
along the way. Ivonne Konik, Flor Gomez Esparza and Yolanda Alegre also
helped in the preparation of the manuscript. Sanjay Basak, AnnalLou Busboom
and her staff at the Media Center, University of Texas at Arlington, and Alberto
Sosa and Marco Antonio Villasefior at the Universidad Iberoamericana, suc-
ceeded in translating primitive drawings into (hopefully more presentable) il-
lustrations. Hannah Frieser and her staff, at the Office of University Publica-
tions, University of Texas at Arlington, spent countless hours preparing the
text and illustrations for camera-ready production. The University of Texas at
Arlington and the Universidad Iberoamericana both contributed time and re-
sources toward the completion of this book. We gratefully acknowledge the
many authors (too numerous to list!) who made preprints/reprints available
to us, as well as companies that provided brochures and information on their
products and services (Chapter 8). Last but not least, we thank David Packer
and Jackie Garrett at Academic Press for their patience and encouragement.

Finally, we offer simple thanks to our wives Rohini and Luz Teresa, and
our daughters Reena, Rebecca, Georgina and Lucia, for their encouragement,
patience, and understanding during the writing of this book.

Krishnan Rajeshwar
Jorge G. Ibanez



CHAPTER
ONE

1.1. INTRODUCTION

Spectacular advances in technology and improvements in the quality of
everyday life, especially in the industrialized parts of the world, unfortunately
have come at the expense of ravages to our resource base and the environment.
Several human-made chemical disasters in recent history (Table 1.1) tell only
part of the environmental story. Every day our atmosphere, water resources
and soil are being contaminated with human-made pollutants at levels that
are unnoticed, and thus far more environmentally potent in a cumulative
sense. We understand fairly well the health hazards associated with the acute
overdose of many chemicals, but the same cannot be said about the long-term
consequences of chronic exposure to them.

Fortunately, however, environmental awareness also has grown dramatically,
especially in the past few years. Several nations around the world are taking the
lead in the implementation of new laws that regulate, and in many cases
even ban, the use and disposal of hazardous chemicals. Figure 1.1 provides
a perspective of how these legislative mandates have grown in an exponential
manner in the United States.! Concomitantly, people and institutions are
becoming increasingly aware that their actions can have not only local but
also global environmental consequences; this bodes well for the future.
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Table 1.1.  Examples of Documented Instances of Environmental Disasters
Attributable to Hazardous Chemical Exposure

Comments Incident(s) Period
Lead poisoning and the 1845 Members of this ill-fated expedition from England
Franklin Expedition to discover the Northwest Passage through the

Canadian Arctic are suspected to have died from
lead poisoning from the lead solder which was used
for the crew’s provision storage.

Mercury poisoning in 1953-1960 About 200 people died from mercury poisoned fish
Minamata in this Japanese fishing village off Minamata Bay.
Love Canal pollution 1942-1953 Approximately 23,000 tons of chemical wastes

were dumped in this canal in Niagara Falls, New
York. A health emergency was declared by the
State in 1978, and cleanup efforts began.

The Reed Paper controversy 1962-1970 About 10 tons of mercury were lost from the
chlor-alkali plant into the Wabigoon-English
River system. This plant supplied the chemicals
needed to bleach the pulp at the pulp mill in
Dryden, Ontario.

The vinyl chloride episode  1971-1974 Exposure to this chemical —an integral
component of the plastics (PVC) industry—is
now regulated following studies of cause-and-effect
relationship between vinyl chloride and human
angiosarcoma of the liver.

PCB poisoning in Yusho 1968, 1978 Contamination of rice oil with PCB occurred in

and Yu-Cheng Japan and Taiwan in which thousands of people
were afflicted with skin problems.

TCDD pollution in 1976 Although no human deaths were attributed to

Seveso and Times Beach, these incidents, entire neighborhoods were

Missouri evacuated in these communities in Italy and in the
United States.

Lekkerkerk 1986 The Rhine River drains a vast basin in four

countries (Switzerland, Germany, France and the
Netherlands) as it runs from the Alps to the
North Sea. The basin is heavily industrialized
and the river accumulates and transports to the
Netherlands a heavy load of pollutants.

Bhopal explosion 1984 A chemical plant explosion in India released
methyl isocyanate causing more than 3,000
deaths and blindness and other permanent
injuries to thousands in the adjacent village
community.

Castleford explosion 1992 An explosion in a distillation vessel associated

‘ with a mononitrotoluene plant killed five people
and injured many others in this incident in the

United Kingdom.
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FIGURE 1.1. Growth of legislative mandates for environmental quality control in the United
States. (Reproduced with permission from Grasselli.”)

This chapter begins with a bird’s-eye view of pollutants in the environment.
A survey of existing technologies for pollutant sensing and treatment is given
next. While there can possibly be no argument about the importance of
developing new assay techniques, pollution control itself and an extensive
discussion of this topic may be considered retrograde. In other words, is it not
true that efforts to discover new approaches for controlling pollution is an
admission that pollution is a necessary evil of growth? Indeed, it has been
stated that the time has come to move away from “end-of-the-pipe” thinking
toward pollution reduction (or even prevention) at the source.*® While this is
indeed a laudable approach, it is unlikely that we can dispense with the
“command-and-control” strategy altogether, especially given the cumulative
result of the widespread use of harmful chemicals over the past decades and the
growing recognition that pollution is not a local but a global problem. Advocates
of thenew (pollution prevention) strategy also associate the command-and-control
approach with the problem of moving pollution from air to land to water and
back. This is undoubtedly true with many of the current pollution control
strategies, as we shall see shortly. However, there are many important exceptions
to this trend.
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The strategy of treating potential pollutants at the discharge end of the
pipe also is not incompatible with the concept of chemical recycling. Indeed,
the argument could be made that a parallel strategy to the reduction (or abolition)
of the use of harmful chemicals (and a search for potentially more costly alternative
synthetic routes) could involve efficient recycling of chemicals back into the
process. This latter approach is likely to be more universally applicable
and, equally important, more economically viable in many cases. Many
electrochemical approaches to pollution control are amenable to incorporation
of chemical recycling, and this is well exemplified by the Cr(III) — Cr(VI)
conversion system discussed later in this book.

In summation of this discussion, all three approaches to environmental
remediation—namely, pollution prevention, pollution control, and chemical
recycling—are likely to continue to play important roles in the foreseeable
future. Anincreased level of understanding nature's capacity to repair itself
from environmental damage is equally important but beyond the scope of
this book.

1.2. SOME DEFINITIONS AND CLASSIFICATION OF POLLUTANTS

Environmental science and technology cuts across many disciplines. Thus,
the definition of the underlying terminology and the “trade jargon” is a necessary
prelude to undertaking an overview of the field.

We begin with the term pollutant. Areasonable definition of a pollutant is
a substance present in greater than natural concentration as a result of human
activity and that has a net detrimental effect upon its environment or upon
something of value in that environment. Interestingly enough, time and place
determine what may be called a pollutant. Thus, the phosphate that has to be
removed from wastewater in a sewage treatment plant is chemically indistin-
guishable from the commodity that anearby farmer buys at high prices as fertil-
izer! A contaminant causes a deviation from the normal composition of an
environment. Contaminants are not normally classified as pollutants unless they
have a deleterious effect on the environment. Every pollutant has a source from
which it originates. This source can be either natural or anthropogenic (ie.,
human-made).

The definition of waste has been problematical.®* Waste has been defined
by the U.S. EPA as any material emanating from a process that is not directly
used in another process. Under this definition, many chemical products (even
benign ones) could reasonably be considered as wastes and thus subjected to
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regulatory restrictions. A further conceptual roadblock to this definition is that
it does not make sense to expect an output from a chemical process to be
reduced or eliminated, but rather is to be increased in the interest of enhanced
industrial productivity! An alternative and perhaps more reasonable definition
would be to classify waste as something released into the environment. Hazardous
wastes have been classified according to their source or their characteristics.*
Thus, in the first category, the U.S. EPA has compiled a list of industrial sources
that generate hazardous substances (mostly chemicals). As many as 31 lists of
chemicals are similarly available in a computerized database.® The second
category comprises waste materials not listed but that exhibit one or more of
five hazardous characteristics: ignitability, toxicity, corrosivity, reactivity, or
biological activity.

This brings us to another controversial issue; the definition of toxicity. The
standard method for measuring the toxicity of a chemical is to perform bioassays
on genetically sensitive animals. Unfortunately, these laboratory tests require
relatively high chemical dosage—much higher than levels typical of the en-
vironment—to generate adverse effects in the test animals. Predictive models
are then used to extrapolate to the lower doses to which people are usually
exposed. However, whether it is even meaningful to extrapolate data from test
animals to humans is far from settled, as are conclusions drawn from epide-
miological studies.

Given all these, it is perhaps not surprising that there is disagreement
between scientific experts and public opinion on the seriousness of risks from
hazardous waste, relative to other environmental problems. Table 1.2 illus-
trates this priority gap in the United States.®” Indeed, the controversial
Superfund legislation in the United States quietly passed legislation for clean-
ing up abandoned hazardous waste sites in spite of concerns expressed about
the economic viability of (and even the need for) such remedial action.?

In Table 1.3 we have attempted a classification of pollutants commonly
found in air, water, soil, and biota. We shall discuss them in more detail in a
subsequent section of this chapter. It must be noted that the examples listed in
Table 1.3 are by no means comprehensive. The four types of environmental
media provide the path that the pollutants take from the source to the sink,
where they remain for a long time, though not necessarily indefinitely.

We review next the major transport pathways for the pollutants in
environmental media, and then discuss the individual categories of the
pollutants listed in Table 1.3 later in this chapter. Finally, examples of specific
pollutants are provided, along with identification of their sources and their
toxic effects.
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Table 1.2.

A Comparison of the U.S. Public Environmental Concerns and the

Priorities of the U.S. Environmental Protection Agency

The Public’s Concerns®
(ranked)

EPA’s 12 Highest Concerns
(not ranked)

N

b

X NG

0

10.
11.
12.
13.
14.
15.

16.

17.

15.
20.
21.

23.
24.
25.
26.
27.
28.
29.

Active hazardous waste sites (67%)
Abandoned hazardous waste sites (65%)
Water pollution from industrial wastes
(63%)

Occupational exposure to toxic
chemicals (63%)"

Oil spills (60%)

Destruction of the ozone layer (60%)*
Nuclear power plant accidents (60%)
Industrial accidents releasing pollutants
(58%)

Radiation from radioactive wastes
(58%)

Air pollution from factories (56%)®
Leaking underground storage tanks (55%)
Coastal water contamination (54%)
Solid waste and litter (53%)

Pesticides risks to farm workers (52%)"
Water pollution from agricultural
run-off (51%)

Water pollution from sewage plants
(50%)

Air pollution from vehicles (50%)
Pesticide residues in foods (49%)
Greenhouse effect (48%)°

Drinking water contamination (46%)*
Destruction of wetlands (42%)

Acid rain (40%)

Water pollution from city runoff (35%)
Non-hazardous waste sites (31%)
Biotechnology (30%)

Indoor air pollution (22%)

Radiation from X-rays (21%)

Radon in homes (17%)"

Radiation from microwave ovens (13%)

Ecological risks
Global climate change
Stratospheric ozone depletion
Habitat alteration
Species extinction and biodiversity
loss

Health risks
Criteria air pollutants (e.g., smog)
Toxic air pollutants (e.g., benzene)
Radon
Indoor air pollution
Drinking water contamination
Occupational exposure to chemicals
Application of pesticides
Stratospheric ozone depletion

* Figures in parentheses represent the percentages of those surveyed who rated the problem
as “very serious.”

b Also appears on EPA’s list of highest concerns.

Source: Kunreuther and Patrick® and Roberts.’
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Table 1.3.  Classification of Pollutants in the Environment and Some Examples
Organics Inorganics Microorganisms
Herbicides Metals Bacteria
Alachlor Lead Escherchia coli
Butachlor Cadmium Salmonella typhi
Atrazine Mercury Pseudomonas aeruginosa
Cyanazine Copper Salmonella enteritis
Dioxin Chromium Shigella dysenteriae
Shigella paradysenteriae
Insecticides Metalloids Shigella flexneri
Chlordane Arsenic Shigella sonnei
Dieldrin Selenium Staphylococcus aureus
Heptachlor Legionella pneumophilia
Vibrio cholerae
Solvents Anions Viruses
Acetone Chloride Poliovirus 1
Benzene Cyanide Coliphage
Toluene Bromide Hepatitis A virus
Ethylbenzene Nitrate Rotavirus SA 11
Xylene Fluoride
Trichloroethylene Phosphate
Chloroform
Polycyclic Aromatic Gases Protozoan cysts
Hydrocarbons (PAHs) SO,, NO, Giardia muris
Benzo(a)pyrene Ozone Acanthamoeba castellanii
Cyclopenta(cd)pyrene Carbon dioxide Cryptosporidium
Carbon monoxide
Ammonia
Dyes and Surfactants Algae

Other Industrial Organics
Phenols

Formaldehyde
Polychlorinated biphenyls
(PCBs)
Chlorofluorocarbons
(CFCs)
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1.3. ENVIRONMENTAL MEDIA AND POLLUTANT TRANSPORT

Traditional control of environmental pollution has focused primarily on
the immediate vicinity of the pollution source. For example, tall stacks were
once hailed as the panacea to local sulfate emissions from coal-fired power
plants. However, acid rain is now recognized as a global environmental problem.
Similarly, CO, emissions are leading to global climate warming, and chloroflucrocarbon
(CFC) releases are resulting in the depletion of the earth’s protective ozone layer.’
Other dramatic examples for the global transport of pollutants include the finding
of high lead levels in Greenland snow, and the detection of polychlorinated biphenyls
(PCBs) and pesticides in the Arctic® It is clear that multimedia environmental
transport models" are needed to account for global distribution of pollutants.
Concomitantly, pollutant regulation has gradually shifted from local governments
to national level and even to an international scale. A recent example of the latter
is the 1987 Montreal Protocol on Substances that Deplete the Ozone Layer. This
unprecedented international regulatory action requires the signatory nations
to severely curtail the production and use of five CFCs. This accord sets two
important precedents. It recognizes the atmosphere as a limited, shared
resource, and it curtails the right of individual countries to release wastes to
the atmosphere. Regulation of other regional and global pollutants such as
CO,, NO,, and SO, on an international level, however, appears to be much
more difficult.

We shall now discuss each environmental medium in turmn.

1.3.1. Air

The atmosphere’s composition has changed at a significantly faster pace
in the past two centuries than it has at any time in human history. Yet the
concentrations of the major constituent gases (N,, O, and the inert gases) have
remained nearly constant over a timespan much longer than human life on this
planet. On the other hand, trace level constituents such as methane, CO, SO,
and NO, and pollutants such as the CFCs have largely undergone increases in
their concentrations with rather disastrous environmental consequences in-
cluding acid rain, photochemical smog, and climatic changes.

A good rule of thumb for understanding pollutant transport is the
partitioning rule; that is, chemicals, once they are released into the
environment, seek out the environmental medium in which they are
most soluble. For example, volatile organics (see Table 1.3) such as benzene
and trichloroethylene (TCE) are most soluble in air. Hence, they tend to partition
into the vapor phase and inhalation is the principal means of human exposure.
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Figure 1.2 shows that the fate of emissions in the atmosphere can vary.> A
gas that is unreactive and insoluble in water () will spread through the troposphere
(the lower 10-15 km from the earth’s surface) and in some cases, into the
stratosphere (10-50 km above the surface). A small fraction, however, may be
assimilated by the soil and water (). On the other hand, soluble gases dissolve
in moisture on particulate matter (c) or in water droplets {d), mainly in clouds.
The particles and droplets then carry the gas to the earth directly () or via rain,
snow, fog, or dew (f). Most gases are reactive enough to undergo chemical
transformation (g). The resulting gaseous products can sometimes be deposited
dry on the earth (k). Most often, these products, being more soluble than their
precursors, are also more readily incorporated into wetted particles (i) and,
directly {j) or indirectly (k), into water droplets. Thus the gaseous products
tend to be removed (¢, f} quickly, and are much less likely than their predecessors
to diffuse above the troposphere.

The oxidants present in the atmosphere such as ozone act as natural cleansing
agents because they transform gases into water-soluble products, according to
the aforementioned scheme. Another important “atmospheric detergent” is
the hydroxyl radical, *OH, about which we will have a lot more to say later in
this book. Chlorine atoms from CFCs play a central role in one of the most
efficient ozone-destroying catalytic cycles in the stratosphere.’

STRATOSPHERE
TROPOSPHERE
ad
a ( z \ ]
PARTICLES
9 GASEOUS i k WATER m | INJECTED
GASES »  PRODUCTS > RN INe | DROPLETS [#—| PARTICLES
AN
.l
. i EMISSIONS

FIGURE 1.2. Fate of emissions in the atmosphere. (Reproduced with permission from Graedel
and Grutzen."?)



10 Chapter 1

The protective ozone layer thus shields the earth’s surface from the intense
ultraviolet radiation via the photochemical Reaction (1.1).

I'+ O3 » CIO" + O,

ClO" + O° > CI' + O,
|

hv . .
O, — 0"+ 0

O +0, - O
hv .

In general, the drastic increases in the atmospheric levels of other gases
such as methane, CO and CO,, NO, and SO, in the 20th century must be attributed
to the cumulative effects of fossil-fuel combustion, automobile exhaust and
various forms and consequences of human activity such as farming, deforestation
and biomass burning in tropical forests, microbial activity in municipal landfills,
and so forth. The adverse effects of these gases on the environment appear to
be rather well understood. Thus CO, and methane play a central role in the
“greenhouse effect”; SO, and NO, are implicated in acid rain and NO, in pho-
tochemical smog. Carbon monoxide undermines the self-cleansing ability of the
atmosphere by lowering the concentration of *OH.

1.3.2.  Water

Of the total store of water on this planet earth, the fresh water in the lakes,
creeks, streams, and rivers amounts to only about 0.01 %.** Fortunately, this
freshwater supply is continually replenished by the precipitation of water
vapor from the atmosphere as rain or snow. Figure 1.3 illustrates the three
major pathways in the global water cycle: precipitation, evaporation, and
vapor transport. The precipitation route constitutes the major fraction
(~385,000 cubic kilometers per year'®) and this water falls into the oceans. Some
flows from the land to the sea as runoff or groundwater. The reverse flow from
the earth to the atmosphere is sustained by evaporation or transpiration.
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FIGURE 1.3 The global water cycle. (Reproduced with permission from Maurits la Riviere.”)

Contamination of the water supply can occur along any or all of the three
pathways illustrated in Figure 1.3 as well as during groundwater transport.

Surface water also is contaminated by traditional organic wastes (human
and animal excreta, etc.), and from dumping of industrial process wastes. Wastes
can enter lakes and streams in discharges from point sources or from nonpoint
(diffuse) sources, as in the case of pesticides and fertilizers in runoff water.
Groundwater is contaminated by pollutants leaching through the soil; this
pollution front is further transported by advection and molecular diffusion.
Normally, biodegradation is a natural self-cleansing process in nature. The
extent to which hazardous wastes can be thus biodegraded depends on their
half-lives. In other words, a hazardous substance that can be broken down
easily to a nontoxic form by organisms poses less risk than does one that is
difficult to destroy. Groundwater pollution tends to be much less reversible
than the pollution of rivers and lakes. This is because most self-cleansing
microbes are aerobic — they need dioxygen to do theirjob. Because groundwater
is cut off from the atmosphere’s dioxygen supply, its capacity for self-purification
is very low. In general, metal drums containing hazardous chemicals are noth-
ing less than time bombs that will go off when they rust through. The incidents
at Lekkerkerk in the Netherlands and at Love Canal in the United States (Table
1.1) are cases in point. Unfortunately, little is known about the overall quality
of the earth's vast groundwater reserves, except in those instances where particular
aquifiers are being actively exploited. Figure 1.4 contains a schematic of the
movement of hazardous substances in groundwater.®
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Some pollutants enter the water cycle by way of the atmosphere. Best-known
examples of this transport route include the acid generation from NO_and SO,
emissions. An indirect effect of acid deposition is positive ion leaching out of
the soil, that has been implicated in several cases of fish-kill in rivers and lakes.
Ammonia from the atmosphere can also enter the groundwater through the
soil. Microbial action converts it into soluble nitrates. Another deleterious
effect of human activity is the introduction of large amounts of nutrients, especially
phosphates, into the surface water reservoirs. This leads to excessive growth of
algae. When these die, their microbial degradation consumes most of the
dissolved dioxygen in the water, vastly reducing the water’s capacity to
sustain life. This process is called eutrophication. Water salinity is also
increased, with disastrous agricultural consequences, as a result of a number of
human activities. Table 1.4 contains a listing of some of the primary constituents
of sewage from a city sewage system and their role in water pollution.

Two important measures of the water quality are the biological oxygen
demand, or BOD, and chemical oxygen demand, or COD. The former measures
the degree of microbially mediated oxygen consumption by contaminants in
water. Although BOD is a reasonably realistic measure of water quality, it is a
time-consuming and cumbersome test to perform. The COD of a water sample
is more easily determined by the chemical oxidation of an organic material in
water by dichromate ion in 50% H,SO,; the amount of unreacted dichromate is
titrimetrically determined. For a given water sample, the COD and BOD values
may differ appreciably especially when poorly biodegradable compounds are
present. Yet another parameter, the total organic carbon or TOC is gaining in
popularity because it is easily measured instrumentally. In this test, the carbon
is catalytically oxidized and the evolved CO, is measured.

1.3.3.  Soil

Soil receives large quantities of waste products each year. Much of the SO_
and NO_emissions end up in the soil as sulfates and nitrates, respectively. El-
evated levels of heavy metals (e.g., lead) are found in the soil near industrial
and mining facilities. The soil receives enormous quantities of pesticides as an
inevitable result of their application to crops. The degradation and eventual
fate of these chemicals in soil largely determine their ultimate environmental
impact. For example, humic substances in soils have a strong affinity for organic
compounds with low water solubility such as atrazine, a widely used herbicide
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Table 1.4.

Major Constituents of Sewage from a City Sewage System

Constituent

Sources

Effects in Water

Oxygen-demanding substances

Refractory organics

Viruses

Detergents

Phosphates

Grease and oil

Salts

Heavy metals

Chelating agents

Solids

Mostly organic materials,
particularly human feces

Industrial wastes,
household products

Human wastes

Household detergents

Detergents

Cooking, food processing
and industrial wastes

Human wastes, water
softeners, industrial

wastes

Industrial wastes,
chemical laboratories

Some detergents

All sources

Consume dissolved
dioxygen

Toxic to aquatic life
Cause disease (possibly
cancer); major deterrent to
sewage recycle through

water systems

Esthetics; toxic to aquatic
life

Algal nutritients

Esthetics; harmful to some
aquatic life

Increase water salinity

Toxicity
Heavy metal ion trans-
port, industrial wastes

Esthetics; harmful to
aquatic life

Source:  S.E.Manahan, “Environmental Chemistry.” 3rd ed., Willard Grant Press, Boston, 1979.

(Table 1.5). Soil humic substances may contain levels of uranium more than 10*
times that of the water with which they are in equilibrium. Further examples of
the environmental partitioning effect were discussed earlier. The three pri-
mary ways in which chemicals (including pesticides) are decomposed in
soil are biodegradation, chemical degradation, and in surface soil scenarios, pho-
tochemical reactions. Microbial degradation, however, remains the predominant

decomposition pathway.
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Table 1.5.  Organic Chemicals Regulated by the U.S. EPA Drinking Water Standards
Pesticides and Herbicides Aromatic Hydrocarbons

Alachlor Benzene

Atrazine Benzo(a)pyrene

Chlordane

Dibromochioropropane (DBCP) Other Chlorinated Synthetic Organic

Ethylene dibromide Compounds

Heptachlor p-Dichlorobenzene

Heptachlor epoxide Hexachlorobenzene

Lindane Polychlorinated bi 1ghenyls (PCBs)

Pentachlorophenol D1ox1n (1,2,7,8-TC

Simazene 1chloroh drin

Toxaphene xachlorocyclopentadlene

Chlorinated Solvents and

Related Chemicals
Carbon tetrachloride
1,2-dichloroethane
1,1-dichloroethylene
Dichloromethane
Tetrachloroethylene
1,1,2-trichloroethane
Trichloroethylene
Vinyl chloride

Other Nonchlorinated Synthetic
Organic Compounds
Acrylamide

Disinfection By-Products (DBPs)
(Note: the sum of all DBPs has a MCLG
of 0.1 mg/liter)
Chloroform
Bromodichloromethane
Dibromochloromethane
Bromoform

Landfills have become the focal point for media scrutiny in recent years.
Most of the hazardous materials that have been identified in landfills have
been mixed in with many different waste substances as well as with the soil.
The biodegradability of chemicals in landfills remains an issue of crucial
concern to the experts and the public alike.

The soil constitutes an integral part of the human exposure pathway
whereby the pollutant ultimately enters the food chain. This is because most
lipophilic compounds reside mainly in the soil. The transfer chain of events is
schematized in Figure 1.5. The biota obviously play an important role in
mediating the transfer of pollutants from the environment to the humans;
the role of this environmental medium is briefly considered next.
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FIGURE15. Pollutant cycles in the environment. (Reproduced with permission from S.E. Manahan,
“Environmental Chemistry.” 3rd ed., Willard Grant Press, Boston,1979.)

1.3.4. Biota

Chemicals such as DDT and PCBs (see Table 1.3) are insoluble in water
and tend to partition into organic matter. Thus, they bioaccumulate in vegetation,
beef, milk, and fish (Figure 1.6), and the food chain becomes an important pathway
of human exposure for most global pollutants. Atmospheric pollutants enter the
food chain through three routes: direct deposition onto leaf surfaces, vapor
phase air-to-leaf transfer, and root uptake. For many years, vegetative
contamination was thought to result primarily from root uptake. However,
the importance of the other two assimilative mechanisms is now recognized.?
Herbivores (e.g., cattle) take up these pollutants by feeding on the contaminated
vegetation. Ultimately, the pollutants are assimilated into the predators that
feed on these herbivores and the cycle is completed.



1.3. Environmental Media and Pollutant Transport 17

atmosphere
U3
Wo solid
at?°¢ ot pasticles mists alr
‘,\.“u ots
£ 3] o Jease uptake .
[ relea bloaccumulation
terrestrial
water uptake uptake soil solids
release bicaccumulation I sorption
‘ ,
; f
sorption release release
soil water
sediments
squatic

erosion and runoff

brrigation

FIGURE 1.6. Multimedia transport of pesticides in the environment. (Reproduced with
permission from S.E. Manahan, “Environmental Chemistry.” 3rd ed., Willard Grant Press, Boston,
1979.)

Much research has been done in recent years on mechanisms of pollutant
transport across biological membranes. It is now believed that there are three
major transport routes (Figure 1.7): diffusion, carrier mediated pathways
involving interactions with membrane components, and migration driven
by the potential gradient and high electric fields developed across the
membrane.* Lipophilic species undergo facile transport via diffusion; and
methyl mercury, for example, appears to be bioassimilated in this manner. The
varying response of biota to metal speciation is also rationalizable on the basis
of transport mechanisms.’* Therefore, orders-of-magnitude differences have
been observed in fish for the bioaccumulation of lipophilic metal species vis-a-vis
the ionic metal counterparts.
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In summarizing the discussion in this section, it is important to reiterate
that not only the environmental media in themselves are important in global
pollution but also the interchange of pollutants among them. We hope it is clear
from the preceding discussion that it is no longer valid to treat pollution (even
from a point source) as a localized problem.

1.4. ENVIRONMENTAL CHEMISTRY AND TOXICOLOGY OF
COMMON POLLUTANTS: A PRIMER

We now return to the three classes of pollutants in Table 1.3 and discuss
sample candidates within each.
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1.41. Organics

Pesticides. The introduction of the chlorinated hydrocarbon DDT during
World War Il marked the beginning of a period of very rapid growth in pesticide
use, especially in Western countries. Pesticides include insecticides for insect
control, herbicides for weed control, and fungicides for fungi control. Some 22
families of water-soluble pesticides have been encountered in the environment,
constituting two major categories: chlorinated hydrocarbons and organic phosphates,
the latter group being generally more biodegradable. A third category, carbamate
pesticides which are derivatives of carbamic acid, are even more biodegradable;
and their use has increased sharply in recent years.

The best-known pesticide is perhaps DDT. Although its toxicity is generally
low, its persistence and accumulation in the food chain have led to a ban on
DDT in the United States, although its use is continuing in other countries.
Methoxyclor is a popular DDT substitute that is reasonably biodegradable and
has a relatively low toxicity to mammals. Another herbicide, 2,4,5-T
(2,4,5-trichlorophenoxyacetic acid and its salts and esters) was employed
in very large quantities as the chemical defoliant “Agent Orange” by the U.S.
Army in the Vietnam War. Interestingly enough, 2,4,5-T was initially suspected
of causing birth defects, although later research showed the actual toxin to be a
trace constituent, namely 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD). Dioxins
including TCDD and other forms of polychlorinated dibenzo-p-dioxins (PCDDs)
and polychlorinated dibenzofurans (PCDFs) have captured widespread
media attention.” Dioxins have been detected in practically all types of
environmental media even though their lipophilicity would render their
partitioning mainly in soil. However, a small fraction volatilizes and is
transported globally.

The vapor phase, after uptake by vegetation, is primarily responsible for
human exposure to the highly toxic TCDD. Subsequent air-to-vegetation transfer
of atmospheric TCDD results in its entry into the food chain, especially meat
and dairy products, and accounts for 99% of human exposure to TCDD.

The available data are inconclusive as to the extent of toxicity of TCDD,
especially in humans. Laboratory animals, however, manifest a wide variety
of symptoms ranging from teratogenicity (birth defects) and skin lesions to
porphyria. The severity of skin lesions (exemplified by chloracne) appears to
correlate with TCDD levels in blood samples of human subjects, and occupational
exposure to TCDD appears to be linked with increased risk of soft-tissue cancers.

Organic Solvents. The BTEX family (benzene, toluene, ethylbenzene, xylene)
are of concern in wastewater, and particularly in sources of drinking water, because
they are generally nonbiodegradable (biorefractory). The use of benzene as a
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solvent has been banned in the United States because of its suspected role in
the incidence of leukemia in humans. Whether benzene is a direct causal agent
for leukemia, however, is a controversial issue.® Benzene partitions mainly into
the air (99%) with less than 1% partitioning into water, soil, sediment, and biota.?®
Because benzene is not very lipophilic, it does not accumulate greatly in the
food chain. Inhalation is the primary exposure pathway for benzene and for
most of the other organic solvents.

Polycyclic Aromatic Hydrocarbons . Polycyclic aromatic hydrocarbons
(PAHs)have attracted a good deal of attention because of the known carcinogenicity
of some of these compounds. These compounds are most likely to be found in
urban atmospheres and appear to be transported via adsorption on particulate
matter (e.g., soot). Coal furnace emissions constitute a particularly fertile source
for these pollutants. Interestingly enough, these compounds undergo secondary
chemical reactions (including photochemical reactions) in the atmosphere. For
example, perylene is neither mutagenic nor carcinogenic. Under conditions
simulating smog formation, however, perylene forms 3-nitroperylene, which
is a known mutagen.?”

As with the preceding group of pollutants, inhalation is the primary exposure
pathway for PAHs.

Surfactants. Until the early 1960s, the most common synthetic detergent
used was an alkyl aryl sulfonate, ABS. However, ABS is only very slowly
biodegradable because of its branched-chain structure. Consequently, ABS
has been replaced by o-dodecane benzenesulfonate. This surfactant is more
easily biodegradable because its alkyl portion is not branched. It also does not
contain the tertiary carbon (unlike ABS), which is detrimental to biodegradability.
Most of the current environmental concerns associated with detergents, however,
are not related to the surfactant portion, which constitutes only 10-30% of
the total formulation. Most detergents contain polyphosphates that are added
to complex calcium (a water hardness ion), to improve the detergent action.
We shall return to a discussion of these inorganic anions later in the book.

Industrial Organics. Chlorinated phenols and polychlorinated biphenyls
(PCBs) are two important categories of industrial organic pollutants. Pentachlorophenol
(PCP) accounts for almost half of the total world production of the first group
of compounds. It is used largely as a wood preservative. Volatilization of
PCP into the atmosphere is an important transport route for this pollutant.
Formulations of PCP are rarely pure and usually contain other congeners, which
are often more toxic. In rats, purified PCP has been found to have a LD, of
~150 mg/kg.

“LDsp is a parameter commonly used in toxicity studies and stands for “lethal dose, 50% level.”



1.4. Environmental Chemistry and Toxicology of Common Pollutants 21

Chlorinated hydrocarbons were discussed earlier in connection with pesticide
formulations. A related class of compounds is the PCBs, of which some 209
congeners are now known. These were primarily used as dielectric fluids in
power transformers and capacitors because of their lack of flammability, coupled
with excellent thermal and electrical insulation characteristics. Unfortunately,
a lack of flammability translates to antioxidant behavior, which explains why
the PCBs are so persistent when released into the environment. While PCB
use, at least in North America, is largely curtailed and replaced by other
alternatives (e.g., silicone fluids), disposal of PCBs from discarded electrical
equipment continues to be a vexing environmental problem.

Polychlorinated biphenyls are highly lipophilic and thus human exposure
to them occurs primarily via the food chain. Volatilization of PCBs from spills,
landfills, road oils, and the like also forms another important transport pathway
via atmospheric emissions. Indeed, atmospheric transport is now recognized
as a primary mode of global PCB pollution.”® The toxicity of PCBs continues to
elicit much controversy.® As with the other chlorinated compounds discussed
earlier, it is not clear to what extent the trace contaminants, invariably
present in industrial formulations, are the real culprits.

Table 1.5 contains a list of regulated organic chemicals in drinking water
with a maximum “contaminant” level goal (MCLG) equal to or less than 0.01
mg/liter (0.01 ppm). Table 1.6 contains a list of the hazardous organic
substances regulated by the U.S. Clean Water Act.

Organic pollutants in general are classifiable as follows:

(1) Suspended solids: These can develop into sludge deposits and
consequently generate anaerobic conditions. In wastewater of
medium strength (i.e., with a typical total organic carbon, TOC,
value of 160 mg/liter), some 75% of the suspended solids are organic in
nature. Treatment methods include: screening and comminution
(crushing), grit removal, sedimentation, filtration, flotation, polymer
addition, coagulation/sedimentation, and landfill.

(2) Biodegradable organics: These include proteins (soluble and insoluble),
carbohydrates (e.g., sugars, starches, cellulose, wood fibers), fats (which
are normally less biodegradable due to their high stability), and
surfactants. Their presence may lead to depletion of dioxygen
from water with the resulting development of septic conditions
and interference with biological action; some of these compounds can
also cause maintenance problems as well as negative aesthetic impact
(e.g., oils and dyes). Surfactants made earlier (ca. in the 1950s and
1960s) were not biodegradable and caused major foaming problems.
Treatment methods include activated sludge, fixed-film reactor, lagoon
treatment, sand filtration, physical-chemical systems, and natural systems.
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(3) High-priority pollutants: These are selected based on their known or

suspected behavior as carcinogens, mutagens, teratogens, or highly

acute toxins. Typical examples include benzene, ethylbenzene, toluene,

chlorobenzene, chloroethene, dichloromethane, tetrachloroethene as
well as many pesticides, herbicides and insecticides.

(4) Refractory organics: These compounds are rather resistant to

biodegradation. Treatment methods include carbon adsorption

and ozonation.

(5) Volatile organic compounds (VOCs): These include organic

compounds with boiling points below that of water or vapor
pressures greater than 1 mm Hg at 25°C or both. When transferred to
the vapor phase, their mobility increases greatly and can lead to
increased health risks or the formation of photochemical oxidants.
Treatment methods include: air stripping, off-gas treatment and
carbon adsorption.

(6) Malodorous compounds: Some organic compounds, volatile or

otherwise, may lead to a foul smell. The effect of odors often has
stronger psychological and social consequences than physiological
ones. Some typical malodorous organic compounds include amines,
diamines, indole (C8H7N), mercaptans, organic sulfides, and skatole
(C,HN). Their odor detection thresholds can be as low as 1 ppb by
volume (e.g., some mercaptans).

Table 1.6. Hazardous Organic Substances as Regulated by the U.S. Clean Water Act

(Section 311)
Acetone Dicofol Methoxychlor
Cyanohydrin Dieldrin Mevinphos
Acrolein Dinitrophenol Neled
Aldrin Dinitrotoluene Parathion
n-butyl phthalate Disulfoton Pentachlorophenol
Captan Endosulfan Phosgene
Carbofuran Endrin Polychlorinated biphenyls (PCBs)
Carbon tetrachloride Ethion Propargite
Chlordane Ethylene dibromide Pyrethans
Chloroform Guthion Strychnine
Chloropyrifos Heptachlor Tetraethyl pyrophosphate
DDT Hexachlorocyclopentadiene Toxaphene
Diazinon Kepone Trichlorophenol
Dichlone Lindane

Dichlorvos Mercaptodime
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1.4.2. Inorganics

With reference to Table 1.3, we can again group inorganic pollutants into
several categories including the following.

Metals. The toxicity of metals in aqueous environments depends on their
physicochemical form (i.e., speciation).* For example, copper ions are very
toxic while copper bound to natural organic matter is less harmful. Table 1.7
lists possible forms of trace metals in polluted waters; both dissolved species
and particulate matter can be present.”* Of the metal species listed in this
tabulation, two groups contribute to toxicity: simple ionic and lipid soluble
(lipophilic) forms. Clearly, assays of total metal levels in a medium are
inadequate from an environmental perspective; speciation measurements
are needed to identify those metal species that have adverse effects on biota
and human beings. This is because the interaction of metals with intracellular
components is highly dependent on chemical form. We shall further consider
speciation in Chapter 4.

The addition of metal residues in substantial amounts to the atmosphere,
hydrosphere and lithosphere from anthropogenic sources dates back to ancient
times. For example, lead production began some six millennia ago and lead
concentrations four times higher than natural values have been analyzed to be
present in Greenland ice from about 2,500 to 1,700 years ago.’®*® In modern times,
several billions of liters of metal-containing wastes are produced every year in the
United States alone.

Table 1.7. Inorganic Pollutant Forms

Form Examples

Simple ions CdH,0) >

Complex ions cdcr

Differing oxidation states Cr(lID), Cr(VD)

Lipid soluble complexes CH,HgCl

Organometallic complexes CH,AsO(OH),

Adsorbed species Cu*/humic acid /Fe,0,

Particulates Metals adsorbed onto or intercalated within

clay particles

Source: Morrison, et al.'4
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The main sources today are industrial wastes from processes such as
electroplating, nuclear fuel processing, photography, batteries, catalyst
production and recovery, and other metal extraction, production, treatment,
etching, cleaning, finishing, recovery, or refining procedures. Combustion
engines contribute to lead emissions from leaded gasolines in those countries
that still produce and use this type of fuel. Corrosion processes generate
dangerous metal compounds (e.g., cadmium, chromate) from apparently
innocuous materials such as galvanized iron and stainless steel. Other
anthropogenic sources of toxic metals include paints, automobile and
domestic metal wastes, and the like. Metal ion concentrations in effluents
from chemical process industries can be as high as 10° ppm, whereas maximum
permissible concentrations are typically in the range 0.05-5 ppm.'®

The effects of metals and their compounds on humans, animals, and plants
are quite varied. Whereas some are essential nutrients, others are very toxic
due to their interactions with life processes (such as enzymatic activity).
Especially problematic are those capable of bioaccumulation; for example,
concentrations ranging from ~1 to 78 mg of Pb or Cd per kg of dry organ weight,
were found in the kidneys, lungs, livers, and adrenal glands, extracted from
over 1,000 human autopsies in Hungary some years ago.’®

Some elements play both roles; that is, they are essential for life processes
in small amounts but toxic in larger amounts or in other organisms. For
example, zinc is required in humans for protein synthesis; its deficiency can
cause anemia, hyperpigmentation, sexual dysfunction, or other problems.
However, ingestion of zinc salt solutions also can cause nausea, vomiting, and
purging. Likewise, copper is known to be a trace element fundamental for the
activity of several enzymes and plays a key role in the catecholamine metabolism
of the human brain. However, in concentrations as low as 10%-108 M, it induces
high mortality rates in aquatic organisms such as daphnia and carp.’®¢ In fact,
permissible levels for Cu and Zn in drinking water have been set by the U.S.
EPA at 1 and 5 mg/liter, respectively.

Metal ion intake is not only a health concern, but an economic one as well.
For example, in the United States, an employer must remove an employee from
exposure to lead every time the employee shows blood lead concencentrations
above regulatory levels, and under certain circumstances the worker may be
granted up to 18 months of benefits.!®

Human metal intake may occur primarily from contaminated foods,
substances, or objects introduced in the mouth (e.g., toys, dust), drinking
water, skin, and lung absorption; a high correlation has been observed worldwide
betweenblood lead levels and household lead-containing dusts. Also, the World
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Health Organization recommends a maximum concentration of this metal in
drinking water of 0.05 mg/liter."®

In addition to health and economic concerns, the presence of metal ions in
solution can bring about side effects such as bad taste, increase in turbidity and
coloration, or staining of fixtures in contact with water. Iron and manganese
ions may also promote bacterial growth with its concomitant drawbacks, like
foul odor. Some of these problems can be at least temporarily eliminated upon
sequestration (i.e., selective solubilization) by complex formation. Of particular
importance is the pollution of soils, since residence times of metal ions in these
media are much longer than those in the gas or liquid phases. Soil restoration
is considered in more detail in Chapter 5.

Application of the following point-source procedures has resulted in
dramatic decreases in heavy metal ion emissions to water receiving bodjies,
like the Rhine River*®:

(1) Installation of water pollution control equipment

(2) Adoption of accepted waste management policies

(3) Increase in recycling of materials

(4) Replacement of old technologies with more environmental friendly

ones (where possible, with a zero-emission design)

Landfill disposal of metal-bearing wastes has been commonly used in the
past; however, increasing costs and decreasing site availability have prompted
attention to alternative technologies. In addition, this method is not a ultimate
solution since leachates are known to be produced in many (leaking) landfills,
and a trend in legislation towards a cradle-to-after-grave responsibility will
very likely be widely adopted.

The important metallic pollutants are listed in Table 1.3; next we shall
discuss three of these candidates; namely, lead, mercury, and chromium.

Lead is a naturally occurring element that has no recognized essential
biological function; yet it is toxic to almost all organisms. Recognition of
its toxicity appears to date back to Hippocrates, and the clinical effects
have been recognized for centuries (see also Table 1.1). Table 1.8 lists
possible sources of lead exposure in everyday life.”* The major routes of
human exposure to lead are through ingestion and inhalation. Lead exposure
is particularly toxic for children and the young of other species.” It is
disturbing to note that the use of leaded gasoline continues even now in
many parts of the world. A concerted effort is necessary to curtail such
anthropogenic sources of global lead pollution. Adverse health effects of
lead include impaired cognitive development, gastrointestinal distress,
ataxia, and in extreme poisoning, even coma and death.
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Table 1.8. Sources of Lead Exposure

Occupational
Plumbing, pipe fitting
Lead and other mining
Auto mechanics
Lead smelting
Battery manufacturers
Gas stations
Painting

Environmental
Lead paint
Soil or dust near lead industries
Leaded gasoline

Hobbies
Target shooting
Lead soldering
Car repair
Home remodeling

Source: Taylor.”

Mercury is a highly volatile toxic metal that has generated the greatest
concern among the class of heavy metal pollutants. The primary anthropogenic
sources of mercury are the burning of fossil fuels, mining and extraction of
mercury from cinnabar, the chloralkali industries, and, to a lesser extent,
volatilization from paper pulp, paints, fungicides, electrical equipment,
laboratory wastes, and municipal waste incineration. Evidence for global
pollution from this metal is surfacing with increasing regularity. For example,
large-scale mercury contamination of fish has been reported in lakes remote
from anthropogenic sources. Practical examples for the high toxicity of
mercury may be found in two instances: the Minamata Bay area of Japan
during the period 1953-1960 and the Wabigoon-English River contamination
near Dryden, Ontario during the period 1962-1970 (Table 1.1).

As with lead, both inorganic and organic forms of mercury are known.
While mercury in metallic form is widely used in many applications
(e.g., electrodes, thermometers), organic mercury compounds find wide
application as fungicides. Alkyl mercury compounds tend to resist
degradation and pose more of an environmental threat than either the
aryl or inorganic compounds. Methylation of mercury also provides a facile
pathway for bioaccumulation.
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Toxicological effects of mercury include neurological damage, paralysis,
blindness, and birth defects.? Milder symptoms of mercury poisoning include
depression and irritability.

Chromium is a suspected carcinogen, particularly in the Cr(VI) state.?
Anthropogenic sources of chromium include effluent discharge from cooling
towers, electroplating, tanning, aerospace, electronics and photography
industries, oxidative dyeing wastes, leaching from sanitary landfills, and
leaks from timber treatment sites. Hexavalent chromium is notoriously
mobile in nature, contributing to global pollution from this element.”? On
the other hand, Cr(Ill) is readily precipitated or sorbed onto a variety of
substrates (including soil) at near-neutral pH.? Interestingly enough, trivalent
chromium is an essential element to mammals as a regulator of glucose,
lipid, and protein metabolism.

Table 1.9 lists permissible levels of lead, mercury, and chromium in
drinking water. It must be borne in mind that these are only guidelines, as
determined, for example, by the public health authorities. Many of the
estimates in terms of environmentally acceptable levels continue to be
updated as new knowledge evolves, and this is particularly true for
elements such as arsenic, which is discussed next.

Metalloids. Arsenic occurs in the earth’s crust at an average level of 2-5
ppm. The primary anthropogenic source of arsenic is fossil fuel (primarily
coal) combustion. Mining provides for a secondary source, especially as a
by-product of copper, gold, and lead refining.

Table 1.9.  Drinking Water Standards in the United States

Species Maximum Acceptable Level, ppm
Copper 1.0
Chromium 0.05
Cadmium 0.005
Lead 0.003
Mercury 0.001
Selenium 0.01
Arsenic 0.05°
Cyanide 0.2
Nitrate 45.0
Uranium 0.02
Fluoride 1.5

“Expected to be substantially lowered in the near future.



28 Chapter1

Table 1.10. Chemical Forms of Arsenic in Water Samples
Form Chemical Formula
Arsenate [As(V)] H,AsO,

Arsenite [As(IID)] As(OH),

Arsine AsH,
Monomethylarsenate (MMA) CH,AsO,CH-
Dimethylarsenate (CH,),AsOO
Dimethylarsine (DMA) (CH,),AsH
Trimethylarsine (TMA) (CH,),As
Trimethylarsine oxide (TMAOQO) (CH,),AsO
Arsenobetaine (AsBet) (CH,),As*CH,COCH
Arsenocholine (AsChol) (CH,),As*(CH,),OH

As with lead and mercury, discussed earlier, dissolved arsenic can occur
in natural waters in both inorganic and organic forms. Table 1.10 contains a list
of the chemical forms of arsenic observed in water samples and in biota.* The
location of arsenic in the Periodic Table directly below phosphorus implies similar
chemical behavior, and indeed arsenic and phosphorus coexist in natural sources. It
also interferes with numerous biological mechanisms (e.g., phosphorylation)
normally dependent on phosphorus.?

There is evidence that organisms have developed methylation mechanisms
to isolate and detoxify arsenic as organoarsenicals,® and in this respect, arsenic
is similar to mercury in its bioaccumulation mechanism. Additionally, the
incorporation of arsenic into arsonium zwitterions such as arsenobetaine and
arsenocholine (see Table 1.10) may serve the dual purposes of detoxification and
osmoregulation analogous to some sulfur compounds.?® The toxic action of
arsenic resembles that of lead and mercury. Biochemical effects include protein
coagulation, enzyme inhibition, and uncoupling of phosphorylation. Acute
poisoning results from the ingestion of ~100 mg of the element, and much lower
levels cause chronic poisoning. There is some evidence that arsenic is also
carcinogenic.”

Selenium is reported to be the 69th most common element.? Itis found in
the earth’s crust at levels of approximately 6 ppm. Major markets for selenium
are the glass and photoreceptor industries. Itis also used in various optoelectronic
devices and for X-ray medical imaging. Selenium is an essential nutrient at trace levels,
and in fact is added in trace amounts to chemical fertilizers, animal feeds, and various
veterinary preparations. The beneficial role is reported to involve a synergistic relationship
with vitamin E. Deficiency symptoms include muscle disease, embryonic mortality,
heptosis dietetica in weaning pigs, and kwashiorkor in children. Levels of selenium in
animal feeds higher than 5 ppm have been reported to result in chronic selenosis, which
manifests as blind staggers or, in acute cases, death. The carcinogenicity of selenium at
high levels remains controversial.
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Table 1.9 contains drinking water standards for arsenic and selenium.

Anions. The role of soil nutrients such as phosphates in eutrophication was
mentioned earlier. However, it has been extremely difficult to find alternative
detergent builders with performance qualities that match those of polyphosphates.
Paradoxically enough, the present method of phosphate removal by precipitation
may have the important benefit of also removing other undesirable impurities
from the water stream via coprecipitation. This in itself may prove to be a cogent
argument for continuing phosphate use in detergent formulations.

Nitrate in drinking water has been a source of increasing concern because of
its toxicity, especially toward children and adults deficient in glucose-phosphate
dehydrogenase.®* Actually, it is not the nitrate ion itself that is toxic but rather
the nitrite ion formed from it by the reducing action of intestinal bacteria such as
E. coli. In adults, on the other hand, the nitrate is absorbed high in the digestive
tract before reduction can take place. Instances of “blue baby syndrome” or
methemoglobinemia have been recorded and related to the complexing action of
nitrite on hemoglobin. Further, at stomach pH levels, nitrite can generate secondary
amines. These N-nitrosamines have been found to cause cancer in many animal
species; whether they are human carcinogens is still an unresolved issue.

Fluoridation of drinking water has been a public health matter of much
debate.**? The beneficial dental effects of fluoride are well documented, although
high levels are not recommended (see Table 1.9). Epidemiological evidence for
the toxicity of fluoride, however, has been inconclusive.*

Bromide has created recent interest in the drinking water industry in connection
with disinfection by-products (DBPs). Chlorination or ozonation of water
containing bromide generates the bromate ion, which is a suspected carcinogen
as revealed by animal tests.®

Gaseous Pollutants. These were already discussed in Section 1.3.1.

1.4.3.  Microorganisms

As with the majority of the pollutants discussed in the preceding sections,
microorganisms play a positive role in the environment. These include a variety
of natural detoxification mechanisms involving soil bacteria. Artificial
bioremediation schemes (see later) also rely on the use of microorganisms for
combating organic and inorganic pollutants. Unfortunately, however, pathogenic
microorganisms have made headline news in the media. These include the out-
break of gastrointestinal disorders in the Milwaukee area, which affected thou-
sands of people. Contamination of the municipal water supply with
Cryptosporidium was found to be the source of this outbreak. Viruses (Tables 1.3
and 1.4) constitute another source of concern to the drinking water industry. Unlike
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bacteria, viruses cannot grow by themselves. They are of only fractional size
relative to bacterial cells and are responsible for a variety of water-borne
diseases. They are also notoriously resistant to disinfection agents, such as
chlorine, as we shall see later in this book (Chapter 7).

1.5. CURRENT METHODS FOR ENVIRONMENTAL ANALYSES
1.5.1.  Analysis of Organic and Inorganic Pollutants

It is again convenient to use the classification in Table 1.3 as a framework
for this discussion. Therefore, Table 1.11 contains a summary of analytical
techniques that are currently used for sensing (and quantifying) organic and
inorganic pollutants. Only instrumental techniques are included in this list.
Classical wet analytical methods are sometimes superior (especially in the hands of
an experienced practitioner) but suffer from their “user unfriendly” and tedious
nature, and consequently to their incompatibility with routine use scenarios.
Amenability to automation is an important consideration, especially when hundreds
of samples are to be analyzed. Automated procedures also have the virtue that the
quality of the analytical results is not severely compromised by human error.

How far have we progressed in environmental analytical science? The charts
contained in Figures 1.8 and 1.9 are reassuring. They show that we have indeed
come a long way in improving sensitivity and detection limits. An interesting
synergism has been pointed out! between these improvements in our analytical
capability and the environmental revolution. That is to say, as our ability to detect
trace amounts of pollutants has improved, so has the awareness of the societal
impact of these chemicals. Perhaps, no other example illustrates this as vividly as
lead. Concurrent with the analytical trend in Figure 1.9 has been the response from
the society, such as the use of unleaded gasoline, substitutes for lead-based paints,
replacement material for lead water pipes, and alternatives to lead solder.

The analytical protocol for pollutant analyses is specified by regulatory
agencies such as EPA, American Public Health Association, Occupational Safety
and Health Administration, American Water Works Association in the United
States, and also in other parts of the world. This is formulated as “recipes” that
describe everything the analyst needs to know to complete a satisfactory analysis.
The EPA methods include, for example, sample collection, preservation,
shipment and storage, instrumentation, apparatus, glass or plastic ware for
sample containment, reagents, analytical calibration, quality control, calculations,
and reporting results. In most cases, the methods are directed toward specific
environmental matrices; for example, industrial wastewater.3* Examples of
these methods include the “600 series” for the analysis of organics in wastewater
and the “500 series” developed in response to the requirements of the Safe
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Table 1.11. Instrumental Analysis of Organic and Inorganic Pollutants
Pollutant(s) Technique(s)
Organics
Herbicides and pesticides GC with electron capture detection
GC-MS
Solvents Reverse-phase HPLC
GC-MS
Polycyclic aromatic hydrocarbons Fluorescence
Phosphorescence
Dyes Spectrophotometry
Phenols Colorimetry
Surfactants Colorimetry
Formaldehyde Colorimetry
Fluorescence
Inorganics
Metals Atomic absorption spectroscopy
ICP-MS
X-ray fluorescence
Metalloids (arsenic and selenium) Colorimetry
Anions Ion chromatography
Capillary electrophoresis
Gases GC-MS
FT-IR spectrometry
Chemiluminescence
Colorimetry

Abbreviations: GC = gas chromatography, MS = mass spectrometry, HPLC = high-performance liquid
chromatography, ICP = inductively coupled plasma, FI-IR = Fourier transform infrared.

Drinking Water Act. Clearly, each type of environmental medium discussed
earlier in Section 1.3—air, water, soil, and biota— requires its own set of sample
acquisition, storage, and pretreatment procedures.

The importance of speciation in the assay methodology was mentioned
earlier, especially with reference to metals and inorganic pollutants of a
metalloid nature (e.g., arsenic). It mustbe noted that many of the older techniques
do not offer this capability. A case in point is atomic absorption spectroscopy
(AAS). When performed in the usual manner, this technique yields only the
total metal content of a particular water or soil sample. This is an instance
where hyphenated techniques play a crucial role. In this analytical approach,
two or more techniques of a complementary nature are coupled together in a
tandem combination. The progeny of this is the GC-MS system (see Table
1.11), where the separation power of the GC unit is combined with the detection
capability of MS for the analysis of complex mixtures.
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FIGURE 1.8. Progress in detection limits, sample size, and analysis time since World War IL
(Reproduced with permission from Grasselli.")

Similarly, atomic spectroscopy can be combined with chromatography (e.g.,
HPLC) for speciation and quantitation of pollutants. Thus, AsBet, AsChol,
AsO, and AsO43' (see Table 1.10) have been separated and determined on a
reversed-phase C 4 column by means of HPLC-AAS.® A NaBH, hydride
generation unit is sometimes incorporated in such systems®® for converting the
HPLC eluents into volatile species that can be subsequently piped into the
atomic spectroscopy detector. Electrothermal atomization has also been
utilized for this purpose.*” More recently, the detection capability has been
improved with the advent of inductively coupled plasma—-atomic emission
spectroscopy (ICP-AES) and ICP-MS systems. Finally, the organometallics (e.g.,
organoarsenicals) are amenable to UV photolysis® prior to routing into the
hydride generation unit. Hyphenated techniques clearly are the wave of the
future, and Figure 1.10 contains an overall schematic and chromatographic
traces from an HPLC-UV-HG-ICP-AES assembly for the analysis and speciation
of arsenic.* Novel chromatographic methods are also being combined with
advanced detectors such as the ICP-MS system. 0

We shall see later in this book that a variety of electrochemical and
photoelectrochemical detectors are compatible for use with a separation sys-
tem (e.g., HPLC, capillary electrophoresis) for the speciation or analysis of
environmental pollutants. An important virtue of electrochemical systems
is their portability; we discuss this analytical issue next.
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FIGURE 1.9. Detection limits for lead in routine water quality measurements from 1955 to 1990.
The dashed line represents U.S. federal guideline for lead in fresh water. (Reproduced with per-
mission from Grasselli.})

On-site analytical approaches have the obvious advantage of providing
information in a timely manner. For example, consider an active cleaning
operation site (e.g., a Superfund site in the United States). Should the personnel
wear protective clothing and self-contained breathing apparati? It is obvious
that laboratory tests will be inadequate in this scenario. An in situ sampling
and analysis technique is the obvious solution here and, importantly, can be
designed to provide the pollutant level information in real time. Itisafair assessment,
at least at this juncture, to conclude that current on-site pollutant analysis is
much further advanced for air relative to the other media. In particular,
photoionization detectors and toxic gas analyzers are now available in a variety
of portable configurations.#!#2 These instrumentation advances have also been
undoubtedly spurred by requirements for field use by military personnel. The
portable units are configured for use with a minimal amount of training.
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FIGURE 1.10. (a) Schematic diagram of a HPLC-UV-HG-ICP-AES assembly: A=3 M H,50,; B=NaBH,; C=
columns; H=HPLC; I=HG/ICP-AES system; L=UV lamp; P=peristaltic pump; Q=quartz coils; T=tee connec-
tions; V, and V, = switch valves. The open arrows mark AsChol and AsBet pathways; the closed arrows
indicate the DMA, MMA, As,0,, and As,O, pathways. All connections were made using zero-dead-volume
Teflon tubings. (b) Chromatographic pattern of the six arsenical species with the UV decomposition and HG
system: As,O;: 5 ng; DMA, MMA, As,O,, AsChol, and AsBet: 50 ng; *= total time of treatment before detec-
tion. (Reproduced with permission from Violante et al.%*)

A more subtle aspect of on-site environmental analysis relates to legality
issues. In particular, the current trend in air pollution legislation hinges on
chain-of-custody steps in keeping accurate accounts of who handles which
samples where and when. When field analysis is possible this chain becomes
smaller because data collection is facilitated on site. Quality assurance and
quality control requirements for on-site analysis promise to be quite stringent
because of the “bubble concept” of emission testing. Specifically, if a plant
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emits less than the allowed amount of chemicals within a given period of time,
it is afforded the opportunity to “sell” the residual amount to an adjoining
industrial facility in the same area. Naturally, an emission trading situation
like this requires a sophisticated analysis system, involving minimal labor and
turnaround time. Other analytical requirements and problems have been
reviewed recently.#4

1.5.2.  Assay of Microorganisms

A coliform count of water samples is performed by making appropriate
dilutions and incubating them at 35°C for 48 hr in a nutrient broth. If the
medium becomes turbid, the presence of bacteria is indicated, and it can be
spread over an agar gel plate. After an additional 24 hr incubation, the number
of bacterial colonies on the plate is counted under a microscope and expressed
in colony forming units (CFUs). Table 1.12 lists the commonly accepted
standards for coliform counts in drinking water.

Coliform bacteria, however, provide only a partial profile of the extent
of pollution of the water with pathogenic micro-organisms. For example,
approximately 50% of water-borne disease outbreaks are traceable to
enteric viruses and protozoan cysts. Giardia and cryptosporidium are
examples of biological pollutants in this category. Unfortunately, unlike
bacterial assays, tests for detecting and quantitating such organisms are not
so straightforward. The availability of gene probe technology, however,
promises to open the way for inexpensive, sensitive and accurate monitoring

Table 1.12. Standards for Coliform Counts in Drinking Water
Counts* Medium

<1 Drinking water

10-100 Normal, unpolluted inland lake water
1,000-5,000 Mild sewage pollution

5,000-10,000 Definite evidence of pollution, caution
10,000-100,000 Heavy pollution, dangerous

>100,000 Sewage

“Expressed per 100 cm® of water.
Source:  Adapted from J. W. Moore and E. A. Moore, “Environmental Chemistry.” Academic
Press, New York, 1976.
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systems for viruses. Modifications to the protocol for total coliform assay
have also been proposed, including determination of fecal coliforms and
fecal streptococci. This aspect is further considered in Chapter 7.

1.6. CURRENT METHODS FOR POLLUTANT TREATMENT

Table 1.13 lists current methods for the treatment of organic, inorganic,
and microbiological pollutants in air, water, and soil.

Note that electrochemical treatment has been traditionally applied “in
the field” only for the treatment of inorganic (mainly metallic) pollutants.
However, there are many manufacturers of electrochemical equipment for
pollution control at present, as we shall see later in the book (Chapter 8).
Electrochemical methods for the treatment of organics and to a lesser ex-
tent, microorganisms are reasonably well developed and appear to be poised
for more widespread adoption. A similar situation holds for photoelectrochemical
methods. Inalimited number of instances, electrochemical technologies have been
compared with the other alternatives in Table 1.13 in terms of performance and cost.
We shall defer this comparative discussion to a later stage in the book in Chapter 8.

Another approach to a discussion of the current methods for pollutant
treatment revolves around the host phase of the pollutant; namely, solid (soil),
air, or liquid. However, a difficulty with this approach is that some wastes
such as sludge from a wastewater treatment plant are semi-liquids (much like
mud) with solids content ranging from 0.5-5%. Primary treatment of industrial

Table 1.13. Current Technologies for the Treatment of Organic, Inorganic, and
Microorganism Pollutants in Air, Water, and Soil

Organics Inorganics Microorganisms
Incineration and pyrolysis Precipitation/coagulation  Incineration

Air stripping Membrane separation High-energy (y)-irradiation
Carbon adsorption Distillation Filtration

Microbial treatment Chemical treatment Carbon adsorption

Electrochemical treatment  Direct UV irradiation

Microbial treatment Ozonation

Chlorination
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wastes involves physicochemical techniques such as screening, coagulation,
flocculation, and sedimentation. The BOD is reduced at this stage. Secondary
treatment involves aerobic oxidation, which removes the residual BOD. Con-
currently, additional solids are removed by filtration or sedimentation. Large
quantities of sludge are thus generated at both these stages of waste treatment.
There are four principal alternatives for disposal of the sludge: dumping in the
sea or rivers, disposal at landfill sites, incineration, and application to agricultural
land as fertilizer. The landfill option will be severely limited in the future by
land availability and stringent legislation. Some legislative control will also
constrain the dumping and agricultural options, with the result that incineration
or thermal destruction becomes the most viable disposal route in many scenarios.

1.6.1.  Incineration and Pyrolysis

Combustion of oxidizable material is an effective way for reducing the
mass and volume of hazardous wastes. An important side benefit of this
technology is the resultant heat of combustion, which can be utilized to generate
process steam. Thus the concept of using municipal refuse as part of the fuel
and energy supply for a nearby electric power utility has found favor. The
cement industry is another potential big user of hazardous waste; cement kilns
can burn appreciable amounts of waste as part of their fuel mix. Unfortunately,
however, incineration also can generate appreciable amounts of air pollution,
particularly toxic degradation products and particulate matter. The public
outcry to widespread adoption of this technology consequently has been
vehement, and many incineration units have been forced to either shut down
or significantly upgrade the quality of their output.

Three types of incinerator designs have been in use: rotary kiln, fixed or
moving hearth furnaces, and fluidized bed. Of these, the use of the rotary kiln
design has dominated incineration applications. A crucial parameter is the
combustion temperature in all three cases. Ideally, the temperature must be
high enough to ensure complete combustion (typically in the range 1050-1250 K)
but not too high that slag formation occurs. Recent innovations in incinerator
technology include nonslagging designs and the use of dioxygen (instead of
air) as oxidizer. Other developments include electric vitrification, plasma
degradation, and pyrolytic technology. The last approach differs from incineration
in that dioxygen is excluded, and only enough combustion to supply heat for
the process is permitted to occur. A major advantage of pyrolysis is that
value-added products such as liguid hydrocarbon fuels are generated in the
process. An innovative example of this approach is the generation of fuel oil
from the liquefaction of scrap tire.*

Incineration has been widely used for the treatment of PCBs, municipal
solid waste and medical waste. Unfortunately, the formation of PCDDs and
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PCDFs in the combustion process has fueled public concern about this
disposal approach. In general, incomplete combustion is a vexing problem
with the thermal approach, and one that is common to almost all organics
including plastics. For example, combustion of polyvinylidene chloride (a
component of plastic wrapping film) affords chlorinated aromatics. Toxic
emissions remain an active area of research in incineration and pyrolysis
technology. Four mechanisms have been identified for these emissions:*

¢ Incomplete destruction of PCDD-PCDF in the waste

* Incomplete destruction of long-chain organics that convert to PCDD-PCDF
* Formation from precursors (e.g., soot)

* Low-temperature (catalyzed) reactions

Attempts are being made to correlate the thermal stability of the pollutant
(especially for organics), the destruction and removal efficiency of the incinerator,
and the products of incomplete combustion.*

Another source of concern with incineration technology is toxic metal (or
inorganic) emissions. Thus pollutants such as arsenic, lead, chromium, and
cadmium have been identified in the exhaust gas stream from the incinerator.
Available data¥ suggest that cadmium and lead have a tendency for higher
concentration at the multiple hearth design relative to the fluidized bed counterpart.
The reverse trend appears to hold for chromium and nickel.

Despite the lack of public acceptance, there is sentiment that incineration
will not become moribund. In particular, it is believed that this will continue to
be the disposal technology of choice for the treatment of highly halogenated
wastes and wastes of high calorific value. Along with the other innovations
mentioned earlier, parallel advances are being made for the effective control of
air emission from incinerators. Since requirements for this have much in common
with air stripping, the two will be discussed together next.

1.6.2.  Air Stripping

Organics may be removed from water by packed-tower aeration, in which
air is used to ”strip” the organics from the aqueous phase. This methodology
depends on the Henry’s law of partitioning of solutes between the aqueous
and gas phases; and obviously works only for volatile organic compounds.
After partitioning into the gas phase, the VOCs may be subsequently destroyed
either by combustion or pyrolysis followed by scrubbing of the out-gases. Aside
from wet scrubbers (to remove HC, for example), electrostatic precipitators may
also be added as auxilliary equipment for controlling particulate and metals
emissions. A venturi-type scrubber is most commonly employed, and a quench
section may precede the venturi to precool the exhaust gases. The effectiveness
of the total unit is rated in terms of the total hydrocarbon (THC) emissions
from it.
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1.6.3.  Microbial Treatment

Microorganisms—bacteria, fungi, and algae—are living catalysts that
enable a vast number of chemical processes to occur in water and soil. In microbial
remediation procedures, these processes are induced to the place via either the
micro-organisms naturally present in the contaminated medium or those suitably
innoculated into it. As an example of the first type, much of the organic matter in
a sanitary landfill undergoes anaerobic decomposition catalyzed by the enzymes
present in the soil bacteria. Microbial treatment is commonly done in
(above-ground) bioreactors, pits, lagoons, and using soil biofilters, although
in situ (subsurface) biorestoration of groundwater is emerging as a primary
technology.® Animportant aspect of microbial treatment is that the contaminants
are partially or even completely destroyed with minimal impact on the environment.
This is in stark contrast to many remedial techniques that simply transfer the
pollutant from one part of the environment to another. Perhaps the most
widespread application of bioremediation has been in the treatment of oil spills,
where marine bacteria and filamentous fungi, which thrive on petroleum, are
used.

Heterotrophic bacteria, those types of bacteria that are dependent on a
carbon source for energy, are commonly used. Those include Micrococcus,
Pseudomonas, Mycobacterium, and Nocardia. Fungi are entirely heterotrophic,
deriving carbon and energy from the degradation of organic matter. However,
fungi do not grow well in water, although they play an indirect environmental
remediation role through the humic material that they generate. This material,
which is formed from the breakdown of wood cellulose and plant matter, enters
the soil and, ultimately, the water stream. Humic material can bind metal ions, as
can algae. These microorganisms thus provide a natural mechanism for the
sequestering of toxic metals.”

Microbial degradation constitutes an important component of the secondary
treatment of municipal sewage. The organic matter in the water is biologically
degraded in the presence of added dioxygen until the BOD of the waste is
reduced to acceptable levels. A commonly used treatment approach is the trickling
filter process in which the wastewater is sprayed over rocks or other solid
supports covered with deposits of microorganisms. A more versatile approach
is the activated sludge process, which mimics the natural self-cleansing
processes occurring in streams and other aquatic environments. Unlike in the
latter case, however, the remediation is speeded up by continual recycling of
the active organisms in an aeration tank.

Aerobic microbial processes require an electron acceptor, usually dioxygen.
In many instances, especially in subsurface process scenarios, the bioremediation
rate may be actually limited by the O, transport to the contamination zone. Other
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electron acceptors such as nitrate may be used under anaerobic conditions, al-
though nitrate addition has other environmental consequences, as pointed out
earlier. Nitrous oxide has been used in the biodegradation of m-xylene; unlike
nitrate, nitrous oxide does not form toxic intermediates such as nitrite upon
reduction.

The ubiquity of chlorinated aliphatic solvents (e.g., TCE) in aerobic aquifers
suggests that they are biologically recalcitrant in the presence of dioxygen.
However, enrichment of environmental samples with methane brings about
their biodegradation through cometabolism. Cometabolism involves the
biodegradation of an organic substance by a microbe that cannot use the compound
itself for growth and hence must rely on other carbon and energy sources. Such
methanotrophs have been used for the oxidation of several alkanes, alkenes,
and halogenated methanes.*** However, heavily chlorinated samples (e.g.,
CCl,) are degraded only slowly and sometimes not at all even under these
conditions.

Another synergistic effect involving an aromatic pathway has been identified
in the aerobic biodegradation of TCE.”* A strain, G4, tentatively ascribed to the
genus Acinetobacter, was found to act via an enzyme, most likely a dioxygenase
in an inducible aromatic pathway involving meta fission. Thus the presence of
phenol, toluene, o-cresol, or m-cresol was found to be required in the water for
the biodegradation to take place.®® A similar mechanism has been invoked for
TCE degradation by another organism, Pseudomonas putida PpFl.>* The aro-
matics act as “enzyme inducers” in these cases.

Aromatic oxidation plays a key role in the biodegradation of PAHs. Among
the microorganisms that attack aromatic rings is the fungus Cunninghamella
elegans.>* The prototype breakdown pathway is

OH
COH
COH
OH

Similar oxidative cleavage has been used for the treatment of benzo(a)pyrene
and benzo(a)anthracene by Beijerincka.>

The biodegradability of pesticides varies greatly. Oxidative routes are
mediated by oxygenase enzymes in the treatment with microorganisms
and include epoxide formation, aromatic ring hydroxylation (Reaction 1.2a),
and B-cleavage of saturated hydrocarbon chains. Reduction routes usu-
ally involve the conversion of -NO, groups to -NH, groups and quinones
to phenols. Hydrolysis is a third route in the microbial degradation of pesti-
cides; for example, ester and amide groups in these compounds are
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hydroxylable. A specific example of this pathway is the action of Pseudomo-
nas on malathion. Dehalogenation reactions involve the replacement of a
halogen atom with -OH and can be mediated by some bacteria:

Cl OH
= — Gy

Dealkylation is another important degradation route.
In some instances, the microbial degradation intermediates may be more
toxic than the original compound. An example is the bioconversion of DDT:

CCly CHCl,

| l
c C ca — c— cl

DDT (13)

In summary, microbial treatment of pollutants is an attractive approach
and has the important virtue of mimicking natural self-cleansing processes in
the environment. Seeding microorganisms into above-ground bioreactors and
surface impoundments is a mature technology. The subsurface biorestoration
approach shows promise, although it is as yet an undemonstrated technology.
Finding indigenous microorganisms to degrade highly chlorinated aromatics
remains a challenging problem. Nonetheless, the biodegradation of organics
into mineralized products and biomass offers a better solution to hazardous
materials disposal than many other methods, which simply transfer the pollutant
from one environmental medium to another.

1.6.4.  Precipitation and Coagulation

This approach has been classically used in the primary treatment of
wastewater. Hence, limeis added after aeration to raise the pH and to precipitate
the “water hardness” ions, Ca?* and Mg*. Additional coagulants such as
aluminum are added to remove the colloidal matter as gelatinous hydroxides.
Activated silica or polyelectrolytes may also be added to stimulate coagulation
and flocculation.
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Pollutants such as Cr(VI) are also removed via hydroxide formation after
first reducing them to a lower oxidation state, such as Cr(III). The commonly
used reagent for this purpose is ammonium metabisulfite. Arsenic exists in
natural waters primarily as arsenite (As(Ill))and arsenate (As(V)) species.
Conventional coagulation with iron or aluminum salt is effective in removing
80~90% As(V) from an initial concentration of ~0.1 ppm at pH 7 or below. Lime
softening removes 95% As(V) at pH above 10.5. Reduction of As(V) to lower
oxidation states is sometimes done (via the addition of iron salts or sulfides)
prior to precipitation.” On the other hand, increased removal of As(Ill) has
been reported as well by prior oxidation, using agents such as ozone, chlorine,
or permanganate.”

Coprecipitation is another mechanism for pollutant removal. Four
mechanisms have been identified for coprecipitation of a pollutant by a
precipitate®®: (a) isomorphic inclusion, in which the impurity substitutes into
the crystal lattice for a lattice ion of similar size and chemical characteristics;
(b) nonisomorphic inclusion, in which the impurity appears to be dissolved in
the precipitate; (c) occlusion, in which an impurity differing in size or chemical
characteristics from the lattice ions is adsorbed at lattice sites as the crystals are
growing, producing crystal imperfections; and (d) surface adsorption, in which
the impurity is not incorporated into the internal crystal structure, but is
adsorbed only on the outer surface of the precipitate.

Coagulation can also be effective in removing organic compounds from
natural waters. The major factors here are the water pH, coagulant dose, and
the molecular structure of the organics present. The important mechanisms
have been identified as colloid destabilization, precipitation, and
coprecipitation.” In the last, the organic material is adsorbed (as an impurity)
onto a lattice site of the growing precipitate. Coprecipitation is the dominant
mechanism for the removal of fulvic acid by lime softening.®%' Recent results
suggest that lime softening is superior to low pH coagulation for lowering water
turbidity and total organic carbon.

1.6.5. Chemical Treatment

We have seen several examples of chemical routes to the detoxification or
removal of pollutants in the preceding two sections. Classical organic reaction
routes can be employed for waste treatment. These include nucleophilic
substitution, whereby hydroxyl ion substitution is induced in aryl chlorides
(e.g., PCBs). Usually KOH is used as the OH" source and polyethylene glycol
is additionally employed for solubilizing the KOH in an aprotic medium.® Re-
ductive dechlorination (hydrogenolysis) has also been effected at low tem-
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peratures (e.g., 100°C) using a mixed oxide catalyst. Aprotic media such as
tetrahydrofuran have been used for dissolving active metals such as sodium:

Na + ArH —» Na* + ArH+s (1.4)

Similar chemistry occurs with chlorinated aromatics, and the radical anions
thus generated can expel CI~:

ArCls — Ar + CI (1.5)

The aryl radicals subsequently participate in typical free radical reactions
including dimerization, abstraction of hydrogen from the solvent, or arylation
of hydrogen from the solvent or arylation of another molecule of the aromatic.
These chemistries are all variants of the Wurtz reaction:

2R-Cl + 2Na —» R-R + 2Na(Cl (1.6)

Redox (i.e., electron transfer) reactions such as the one shown in Eq. 1.4
can also be used for treating inorganic pollutants. The treatment of Cr(VI) with
sodium metabisulfite was mentioned in the preceding section. Another redox
reagent for this purpose is ferrous sulfate; the electron transfer reaction involved
here can be represented by the scheme

Cr(VI) + 3 Fe(ll) — 3 Fe(Ill) + Cr(Ill) (1.7)
Such (redox) reactions are discussed in more detail in Chapter 5.

Aluminum has been suggested® as a reductant for the treatment of nitrate
in water, the reaction proceeding stepwise as

3NO,; + 2Al + 3H,0 - 3NO, + 2Al(CH), (1.8a)
NO,” + 2Al + 5HO — NH, + 2AIl(OH), + OH- (1.8b)
2NO, + 2Al + 4H,0 - N, + 2Al(OH), + 20H (1.8¢)

The compatibility of this process with conventional water treatment procedures
(e.g., lime softening) has been pointed out.®® Preliminary data show ammonia
to be the principal product (60-95%) followed by nitrite and nitrogen gas via
Reactions (1.8a) and (1.8¢), respectively. The generation of nitrite, however,
could pose a problem (see Section 1.4.2).
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1.6.6.  Adsorption

The role of adsorption in water treatment procedures was already discussed
in Section 1.6.4. Another standard water treatment method consists of adsorption
on activated carbon, a product obtained from a variety of carbonaceous materials
including wood, peat, and lignite. Activated carbon comes in two types:
granular activated carbon (GAC), consisting of particles 0.1-1 mm in diameter,
and powdered activated carbon, in which the particles are predominantly in
the 50-100 um size range. The former is more commonly used, and in a water
treatment system, a fixed GAC bed is employed through which the water flows
downward. Accumulation of particulate matter requires periodic backwashing.
A parameter for defining the adsorptive capacity of GAC is the phenol value.
This is defined as the amount of carbon (in mg) required to reduce by 90% the
phenol content of a 100 ppb solution. Over and above simple adsorption,
bacterial growth on the carbon can provide an additional route to organics
removal. Economics requires the spent carbon to be regenerated. This is
normally done by heating to 950°C in a steam-air atmosphere, where the
accumulated organics are burned off.

Adsorption at GAC or other surfaces can also remove metals at the ppm
level. Sometimes a chelating agent is sorbed onto the adsorbent to enhance
metal removal. Coal humic acids, for example, can remove ca. 80% of copper
at the ppm level from acidic water; and these materials (which effectively mimic
soil behavior) show promise as toxic metal and inorganics scavengers.
Enhanced As(V) removal has been observed for activated carbon that had been
pretreated with ferrous salts, which were also used to regenerate the adsorbent.*

In spite of its widespread use, it must be recognized that GAC adsorption
merely transfers the pollutant from the process stream to the solid phase.
Ultimately, the contaminated carbon poses a disposal problem. With the
rapidly dwindling landfill disposal possibilities, combustion remains the only
viable route, and even this is not without problems associated with thermal
emissions (see Section 1.6.1).

Alternatives to activated carbon are being considered including the use of
peat® and adsorbent synthetic polymers. The latter, for example, the Amberlite
group of resins, remove virtually all nonionic organic solutes via hydrophobic
interactions.

1.6.7.  Membrane Processes

These include electrodialysis, reverse osmosis, and ion exchange. The common
denominator here is the membrane (usually a polymer) phase. Water desalinization
and softening form the bulk in terms of technology applications,® although these
methods are now being considered for industrial wastewater treatment.
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FIGURE 1.11. Schematic diagram of a reverse osmosis process. (Reproduced with permission
from S. E. Manahan, “Environmental Chemistry.” 5th ed., Lewis Publishers, Michigan, 1991.)

Electrodialysis consists of applying an electric field across water layers alternately
separated by cation- and anion-selective membranes. This process shall be
discussed in detail in Chapter 5. Membrane fouling is remedied by periodic
reverse flushing. Generally, electrodialysis can remove up to 40-50% dissolved
inorganics (see Chapter 5).

Reverse osmosis or ultrafiltration employs an osmotic membrane (usually
made of cellulose acetate). This process is illustrated in Figure 1.11. The water
flow in this process is entropy driven and occurs in a direction opposite to
normal osmotic flow, hence the name. Rather strong pressure is required,
however, to reverse the normal flow, especially to speed up the process, and
the mechanical strength of the membrane becomes a crucial factor.

1.6.8. Distillation

An obvious method for removing inorganics from water is by distilling it.
Unfortunately, this process is not energy efficient enough to be economically
attractive, especially for large-scale applications. Further, volatile pollutants
and odorous compounds (especially organics) are carried over to a large extent
in the distillation process unless special precautions are taken.

Freezing is another related method for producing very pure water.
Freeze—pump-thaw (FPT) cycles, for example, are commonly used for purifying
solvents. Again this approach to water treatment does not appear to be
economically attractive at present.



46 Chapter 1

1.6.9.  Advanced Oxidation Processes

The methods considered in Sections 1.6.6. and 1.6.7. together constitute
the tertiary or advanced treatment of wastewater. Advanced oxidation processes
(or AOP) can be grouped in the same category. The AOP technologies almost
all rely on the generation of very reactive free radicals, such as the hydroxyl
radical (*OH), to function as pollutant-killing agents. Four major approaches
to AOP are under development at present®:

(1) Homogeneous photolysis (UV/H,0, and UV/O,): These processes
employ UV photolysis of H,O, and/or O, and other additives in ho-
mogeneous solution to generate “OH and other free radicals (Chapter 6).

(2) Radiolysis: A source of high-energy radiation (y-rays) is used to irradiate
the waste water. A variety of species, such as "OH, H*, e, (hydrated elec-
trons) are created under these conditions (Chapter 7).

(8) Dark oxidation processes: These obviously do not employ UV light but
instead the radicals are generated by other means——Fenton’s reaction,
ozone at high pH and O,/peroxide (Chapter 5).

(4) Heterogeneous photolysis or photocatalysis: This uses a semiconductor
catalyst and a light source to induce photoelectrochemical reactions at
or near the catalyst particle surface. We shall discuss this approach in
Chapter 6.

In concluding this section, the role of natural photochemical processes in
“self-cleansing” of the environment must be mentioned. These processes in
the atmosphere are all too familiar to us thanks to the publicity generated in
the media about the ozone layer and the adverse effects of chlorofluorocar-
bons. Perhaps less well known are the processes that occur in aquatic environ-
ments. We discussed mainly the negative environmental role of microorgan-
isms in Section 1.4.3. Algae, which are microscopic organisms that subsist
on inorganic nutrients and produce biomass via photosynthesis, are largely
the “good guys” in the environment. They bioaccumulate toxic species. For
example, marine algae are known to concentrate arsenic as arsenic phospho-
lipids and arsenolipids. This occurs principally in phosphate-deficient wa-
ters and works because of the chemical similarity of arsenic to phosphorus.
We are learning more about the role of photochemical transformations in ar-
senic speciation in natural waters.”® There are also indications for a diur-
nal cycle in the oxidation state of chromium in low-salinity estuarine wa-
ter.®® The interaction of sunlight with soil-particulate matter (presumably con-
taining ferric ions, see Reaction (1.7), Section 1.6.5) appears to drive this cycle,
resulting in Cr(VI) reduction during daylight hours. The Fe(Il) ions needed
to mediate the Cr(VI) reduction are apparently generated photolytically. This
finding may have important implications in natural repair by the environ-
ment of Cr(VI) contaminated media.
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1.6.10. Treatment of Polluted Sites

So far, in Section 1.6, we have discussed the important methods available
for “end-of-the-pipe” treatment of organic and inorganic pollutants. We have
said little about sites already contaminated with pollutants and how they are
being environmentally restored at present. The polluted medium in these cases
is either soil or groundwater (or both). The Superfund sites in the United
States belong to this category; some 1,200 of these have been identified
already at an estimated cleanup cost of ca. $90 billion.* However, the
viability of restoring all these sites to the pristine state has been questioned,
given the costs involved and the unavailability of effective and permanent
remedial technologies. Nonetheless, progress is being made both in the refinement
of relatively old technologies (e.g., incineration, “pump-and-treat” methods)
and in the evaluation of novel methods (e.g., in situ biorestoration, see Section
1.6.3).

Compendia of organic plumes in sand and gravel aquifers in the United
States and Canada are available.”” Much, if not most, of the groundwater pol-
lution is caused by leakage, spillage, or disposal of organics into the ground.
Subsequent dissolution and transport of these by groundwater (see Section
1.3) are thought to generate these plumes, although vapor-to-soil water transfer
is also thought to be an important transport mechanism.

Difficulties with the common “pump-and-treat” method have been
discussed.” These may occur because at many sites of significance a
relatively large mass of pollutants has been leaked, spilled, or disposed
into the subsurface; and in comparison, the rate of pollutant mass removal
by pumping wells is exceedingly slow. Another major difficulty is the range
of pollution problems encountered; this range forces site-specific solutions.
There are also troublesome antagonisms in the choice of a treatment candidate
(e.g., biotreatment obviously will not work for a biotoxic waste). Other problems
that can preclude treatment approaches include®:

* Mercury, lead, bromine, and reduced nitrogen compounds can cause
problems with incinerator air emissions.

* Biotreatment of chlorinated organics produces vinyl chloride, a known
human carcinogen.

» Conventional chemical stabilization tends to mobilize arsenic.

» The use of metal complexing agents (e.g., cyanides, ammonia) renders
many stabilization processes ineffective.

Nonetheless, the future is not at all bleak. Advances are being made in
both incinerator (see previously) and chemical stabilization technology.
Technologies prescribed by the U.S. EPA for waste site cleanup are listed in
Table 1.14. Itis a fair assessment that many of these technologies are currently
being pushed to their limits. Simultaneously, promising technology alternatives
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Table 1.14. Conventional and Emerging Technologies for the Treatment of
Hazardous Waste Sites
Technology Comments
Conventional
Incineration and thermal destruction Technological advances will
continue in spite of increasing
concerns
Solidification, stabilization, and neutralization Bans on landfill will spur increasing
use of this technology
Volatilization and soil aeration Methods effective for most volatile
organics including PCBs
Soil washing and flushing Because of the volume of wastewater
generated and dissolved solids,
applications may be limited
Biotreatment Perhaps the most attractive in situ
treatment technology available at
present
Vacuum extraction Has worked well for petroleum
hydrocarbons
Emerging

Supercritical oxidation

Evaporation with catalytic oxidation

High-pressure and supercritical fluid extraction

Electrokinetic extraction

High-quality water can be produced
from feeds with up to 10% organics
and a range of inorganics

Organic compounds are oxidized in
the vapor phase over a solid catalyst;
can handle feeds with up to 10%
dissolved solids

Can remove nonpolar contaminants
from extraction wastewater as well
as separating emulsions and
dewatering sludges

Discussed in Chapter 5
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are also emerging; these are also listed in Table 1.14. Of these, supercritical oxidation
and evaporation with catalytic oxidation appear to hold particular promise. These
newer technologies can tackle both organic and inorganic pollutants and also
deal with the sludge problem. Electrochemical candidates are discussed later
in Chapter 5.

1.7. ELECTROCHEMICAL TECHNOLOGY AND THE ENVIRONMENT

This book is about the positive role that electrochemical science and
technology can play in pollution abatement. However, the discussion would
not have been complete without mention of some of the deleterious aspects of
electrochemical technology and the manner in which electrochemistry has
contributed to environmental pollution. Chlor-alkali and battery industries
are two of the major culprits in this regard.

The chlor-alkali process is the electrolysis of brine to produce chlorine and
sodium hydroxide:

2 NaCl(aq) + 2H,0(l) » 2NaOH(aq) + H,(g) + Cl(g) (1.13)

Layers of liquid mercury were used as the cathode in a flow cell. In the late
1960s, elevated levels of mercury were detected at sites around the chlor-alkali
plants. Unfortunately, the requirement of cooling water in these plants necessitates
their proximity to rivers. Poor maintenance and inventory control led to loss of
mercury and subsequent contamination of the river sediments downstream.
Attempts to combat this pollution problem have included stricter governmental
regulation to ensure better housekeeping by the plants and, more important,
the search for mercury-free cathode technology.

Spent or discarded batteries constitute another serious source of environmental
pollution. Over half a million pounds of lead-acid batteries are estimated to
require daily disposal in the United States.”” As mentioned earlier in other
contexts, municipal landfill is no longer a viable disposal alternative. The heavy-metal
toxicity of incinerator ash, particularly lead and cadmium, is directly related to the
indiscriminate manner in which lead and cadmium batteries have been
disposed of in the past. Recycling of battery constituents is the soundest
option in both environmental and cost terms. Reclamation of battery (and also
fuel-cell) materials is an increasingly important topic, and the underlying
technical, regulatory and safety issues are the focus of at least two annual

symposia in the United States.™
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1.8. SUMMARY

In this chapter, we have attempted to present a broad picture of environmental
science and technology and, in particular, environmental chemistry. The
emphasis, as with the remainder of this book, has been on pollution abatement.
However, a discussion of pollutant types, environmental media, and pollutant
transport cycles has been provided as a necessary framework for the discussion
of specific pollution control technologies. An integral part of this background
is a survey of environmental analysis methods, for it goes without saying that
a pollutant must be first identified and quantified before it can be either treated
or disposed of. The alert reader will note the omission from the background
material in this chapter of drinking and wastewater treatment and disinfection
practice. This rather specialized topic is deferred to Chapter 7 (which deals
with electrochemical and photoelectrochemical disinfection of water and air)
to provide for a more cohesive discussion.

REFERENCES

1. J. G. Grasselli, Analytical Chemistry—Feeding the Environmental Revolu-
tion? Anal. Chem. 64, 677A (1992).

2. M. R. Deland, An Ounce of Prevention....After 20 Years of Cure. Environ. Sci.

Technol. 25,561 (1991).

Pollution Reduction. Chem. Eng. News, November 16, p. 22 (1992).

4. Hazardous Waste Incineration Presents Legal, Technical Challenges. Chem.
Eng. News, March 29, p. 7 (1993).

5. S. Miller, Where All Those EPA Lists Come From. Environ. Sci. Technol. 27,
2302 (1993).

6. H.Kunreuther and R. Patrick, Managing the Risks of Hazardous Waste. Envi-
ronment 33, 12 (1991).

7. L.Roberts, Counting on Science at EPA. Science 249, 616 (1990).

8. C.C.Travisand C.B. Doty, Superfund: A Program Without Priorities. Environ.
Sci. Technol. 23, 1333 (1989).

9. M.]. Molina and F. S. Rowland, Stratospheric Sink for Chlorofluoromethane:
Chlorine Atom Catalyzed Destruction of Ozone. Nature (London) 249, 810
(1974).

10. C.C. Travis and S. T. Hester, Global Chemical Pollution. Environ. Sci. Technol.
25, 814 (1991).

11. D. Mackay, S. Patterson and B. Cheung, Evaluating the Environmental Fate
of Chemicals: The Fugacity-Level IIl Approach as Applied to 2,3, 7, 8 TCDD.
Chemosphere 14, 859 (1985).

W



References 51

12. T.E. Graedel and P. J. Grutzen, The Changing Atmosphere. Sci. Am. Septem-
ber, p. 58 (1989).

13. J. W. Maurits la Riviere, Threats to the World’s Water. Sci. Am. September, p.
80 (1989).

14. G.M. P. Morrison, G. E. Batley and T. M. Florence, Metal Speciation and Tox-
icity. Chem. Br., August, p. 791 (1989).

15. G.H.Eduljee, Dioxins in the Environment. Chem. Br. December, p. 1223 (1988).

16. C.C.Travis and H. Hattemer-Frey, Human Exposure to 2,3,7,8-TCDD. Chemo-
sphere 16, 2331 (1987).

17. J. N. Pitts, Jr., Atmospheric Reactions of Polycyclic Aromatic Hydrocarbons:
Facile Formation of Mutagenic Nitro Derivatives. Science 202, 515 (1978).

18. K. L. Idler, "PCBs—The Current Situation,” Publ. P86-3E. Canadian Centre
for Occupational Health and Safety, Hamilton, Ontario, 1986.

18a. S. Hong, J.P. Candelone, C. C. Patterson, and C. F. Boutron, Greenland Ice Evi-
dence of Hemispheric Lead Pollution Two Millenia Ago by Greek and Roman
Civilizations. Science 265, 1841 (1994).

18b.K. Rajeshwar, J. G. Ibanez, and G. M. Swain, Electrochemistry and the Environ-
ment. J. Appl. Electrochem. 24, 1077 (1994).

18c. S. Takacs and A. Tatar, Trace Elements in the Environment and in Human Organs.
Environ. Res. 42, 312 (1987).

18d.Y. M. Nor, Ecotoxicity of Copper to Aquatic Biota: A Review. Environ. Res. 43, 274
(1987).

18e. K. Sweetland, Dealing with Lead in the Workplace. Chern. Eng. 100, 127 (1993).

18f. P. E. Body, G. Inglis, P. R. Dolan, and D. E. Mulcahy, Environmental Lead: A Re-
view. Crit. Rev. Environ. Control 20,299 (1991).

18g. W. M. Stigliani, P. R. Jaffé, and S. Anderberg, Heavy Metal Pollution in the Rhine
Basin. Environ. Sci. Technol. 27, 786 (1993).

19. D. Taylor, Lead: Nature’s Ubiquitous Poison. Lab. Q. 5, (4), 1 (1994).

20. Mercury Toxicity, Am. Fam. Physician 46, 1731 (1992).

21. S. A. Katz and H. Salem, The Toxicology of Chromium with Respect to its
Chemical Speciation: A Review. J. Appl. Toxicol. 13, 217 (1993).

22. L. M. Calder, Chromium in the Natural and Human Environment. Adv.
Environ. Sci. Technol. 20, 215 (1988).

23. D. Rai, B. M. Sass, and D. A. Moore, Chromium(III) Hydrolysis Constants
and Solubility of Chromium(III) Hydroxide. Inorg. Chem. 26, 345 (1987).

24. L.C.D. Anderson and K. W. Bruland, Biogeochemistry of Arsenic in Natural
Waters: The Importance of Methylated Species. Environ. Sci. Technol. 25, 420
(1991).

25. S. Tamaki and W. T. Frankenberger, Jr., Environmental Biochemistry of Ar-
senic. Rev. Environ. Contam. Toxicol. 124, 79 (1992).

26. P.H. Yancey, M. E. Clark, S. C. Hand, R. D. Bowlus and G. N. Somero, Living
with Water Stress: Evolution of Osmolyte Systems. Science 217, 1214 (1982).



52

27.

28.

29.

30.

31.
32.
33.

35.

36.

37.

38.

39.

40.

41.

42,

43.

Chapter 1

E. Hoyne, “The Selenium and Tellurium Markets,” Bull. Selenium-Tellurium
Development Association, 1992.

R. W. Andrews and D. C. Johnson, Voltammetric Deposition and Stripping of
Selenium(IV) at a Rotating Gold-Disk Electrode in 0.1 M Perchloric Acid. Anal.
Chem. 47, 294 (1975).

G. Walton, Survey of Literature Relating to Infant Methemoglobinemia Due
to Nitrate-Contaminated Water. Am. J. Public Health 41, 986 (1951).

B. C. Challis, Rapid Nitrosation of Phenols and its Implications for Health
Hazards from Dietary Nitrites. Nature (London) 244, 466 (1973).

B. Hileman, Fluoridation of Water. Chem. Eng. News, August 1, p.26 (1988).
E. Marshall, The Fluoride Debate: One More Time. Science 247, 276 (1990).
R.J. Joyce, Determination of Bromate in Drinking Water Using Ion Chroma-
tography. Am. Environ. Lab., May, p. 1 (1994).

. R A Hites and W. L. Budde, EPA’s Analytical Methods for Water: The Next

Generation. Environ. Sci. Technol. 25, 998 (1991).

R. A. Stockton and K. J. Irgolic, The Hitachi Graphite Furnace-Zeeman Atomic
Absorption Spectrometer as an Automated Element-Specific Detector for High
Pressure Liquid Chromatography. Int. J. Environ. Anal. Chem. 6, 313 (1979).
C.T. Tye, S.J. Haswell, P. O'Neill, and K. C. Bancroft, High Performance Lig-
uid Chromatography with Hydride Generation/Atomic Absorption Spec-
trometry for the Determination of Arsenic Species with Application to Water
Samples. Anal. Chim. Acta 169, 195 (1985).

S. Beres, R Thomas, E. Denoyer, and P. Briickner, The Benefits of Electrother-
mal Vaporization for Minimizing Interferences in ICP-MS. Spectroscopy 9, 20
(1994).

C. I. Brockband, G. E. Batley, and G. K-C. Low, Photochemical Decomposi-
tion of Arsenic Species in Natural Waters. Environ. Technol. Lett. 9,1361 (1988).
N. Violante, F. Petrucci, F. La Torre, and S. Cardi, On-Line Speciation and
Quantification of Arsenic Using an HPLC-UV-HG-ICP-AES System. Spectros-
copy 7, 36 (1992).

E. Blake, M. W. Raynor, and D. Cornell, Combined SFC-ICP-MS: A Solution
for Organometal Speciation in Environmental Samples. Am. Lab., June, p. 46
(1994).

R.E.Clement, C.]. Koester, and G. A. Eiseman, Environmental Analysis. Anal.
Chem. 65, 85R (1993).

J. N. Driscoll, Portable Instrumentation for On-Site Monitoring of Toxic Gases.
Am. Lab., May, p.37 (1993).

C. F. D’Elia, J. G. Sanders, and D. G. Capone, Analytical Chemistry for Envi-
ronmental Sciences. Environ. Sci. Technol. 23, 768 (1989).

W. Chudyk, Field Screening of Hazardous Waste Sites. Environ. Sci. Technol.
23, 504 (1989).



45

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

57.
58.

59.

61.

62.

References 53

D. Shaw, Scrap Tyres Can Just Melt Away. Eur. Rubber |., May, p.12 (1994).
“State of the Art Assessment of Medical Waste Thermal Treatment,” Report
from the EER Corporation to the EPA Risk Reduction Engineering Labora-
tory, 1990.

M. B. Foisy, R. Li, A. Chattopadhyay, and M. Karell, Controlling Air Emis-
sions from Incinerators. Water Environ. Technol., April, p. 40 (1994).

J. M. Thomas and C. H. Ward, In Situ Biorestoration of Organic Contami-
nants in the Subsurface. Environ. Sci. Technol. 23, 760 (1989).

B. Vokeski, ed., “Biosorption of Heavy Metals.” CRC Press, Boca Raton, FL
1990.

C. L. Haber, L. N. Allen, and R. S. Hanson, Methylotrophic Bacteria: Bio-
chemical Diversity and Genetics. Science 221, 1147 (1983).

M.]. K. Nelson, S. O. Montgomery, E. J. O'Neill, and P. H. Pritchard, Aerobic
Metabolism of Trichloroethylene by a Bacterial Isolate. Appl. Environ. Microbiol.
52, 383 (1986).

M. ]. K. Nelson, S. O. Montgomery, W. R. Mahaffey, and P. H. Pritchard, Bio-
degradation of Trichloroethylene and Involvement of an Aromatic
Biodegradative Pathway. Appl. Environ. Microbiol. 53, 949 (1987).

M. J. K. Nelson, S. O. Montgomery, and P. H. Pritchard, Trichloroethylene
Metabolism by Microorganisms that Degrade Aromatic Compounds. Appl.
Environ. Microbiol. 54, 604 (1988).

C. E. Cerniglia and D. T. Gibson, Metabolism of Naphthalene by
Cunninghamella elegans. Appl. Environ. Microbiol. 34,363 (1977).

D. T. Gibson, V. Mahadevan, D. M. Jerina, H. Yagi, and H. J. C. Yeh, Oxidation of
the Carcinogens Benzo(a)pyrene and Benzo(a)anthracene to Dihydrodiols by a
Bacterium. Science 189, 295 (1975).

T. R Harper and N. W. Kingham, Removal of Arsenic from Wastewater Using
Chemical Precipitation Methods. Water Environ. Res. 64, 200 (1992).

S. R Qasim, The University of Texas at Arlington, private communication (1994).
D. A. Skoog, D. M. West, and E. J. Holler, “Analytical Chemistry,” 6th ed., pp. 100-
106. Saunders College Publishing, Philadelphia, 1994.

S.]. Randtke, Organic Contaminant Removal by Coagulation and Related Process
Combinations. J. Am. Water Works Assoc. 80, 40 (1988).

M. Y. Liao and S. ]. Randtke, Removing Fulvic Acid by Lime Softening. |. Am.
Water Works Assoc. 77,78 August (1985).

M. Y. Liao and S.]. Randtke, Predicting the Removal of Soluble Organic Contami-
nants by Lime Softening. Water Res. 20, 27 (1986).

D.]. Brunelle, A. K. Mendlratta, and D. A. Singleton, Reaction/Removal of Poly-
chlorinated Biphenyls from Transformer Oil: Treatment of Contaminated Oil with
Poly(ethylene glycol)/ KOH. Environ. Sci. Technol. 19, 740 (1985).

A. P. Murphy, Chemical Removal of Nitrate from Water. Nature (London) 350, 223
(1991).



54 Chapter1

64. C.P.Huang and L. M. Vane, Enhancing As> Removal by a Fe**-treated Activated
Carbon. |. Water Poliut. Control Fed. 61, 1596 (1989).

65. D.Couillard, The Use of Peat in Wastewater Treatment. Water Res. 28,1261 (1994).

66. A.S.Michaels, Membranes, Membrane Processes, and Their Applications: Needs,
Unsolved Problems and Challenges of the 1990’s. Desalination 77,5 (1990).

67. ].R. Bolton and S. R. Cater, “Aquatic and Surface Photochemistry” (G. R Helz, R.
G. Zepp and D. G. Crosby, eds.), Chapter 33, pp.467-490. Lewis Publishers, Boca
Raton, Florida 1994.

68. R.].Kleber and G. R. Helz, Indirect Photoreduction of Aqueous Chromium(VI).
Environ. Sci. Technol. 26, 307 (1992).

69. P.S.Daley, Cleaning Up Sites with On-Site Process Plants. Environ. Sci. Technol. 23,
912 (1989).

70. D.M. Mackay and J. A. Cherry, Groundwater Contamination: Pump-and-Treat
Remediation. Environ. Sci. Technol. 23, 630 (1989).

71. ]. M. Fentton, Electrochemistry: Energy, Environment, Efficiency and Economics.
Interface, Electrochem. Soc. 3, 38 (1994).

72. J.A. Cherry, Contaminant Migration in Groundwater: Processes and Problems, in
J. Wilson, ed., “The Fate of Toxics in Surface and Ground Waters,” The Proceed-
ings of the Second National Water Conference, p. 72, Academy of Natural Sci-
ences, Philadelphia, 1984.

FURTHER READING

Books and Monographs

The following listing, by no means comprehensive, provides more details on the
topics discussed in this chapter.

1. L.Hodges, “Environmental Pollution.” Holt, New York, 1973.

2. H. C. Perkins, “Air Pollution.” McGraw-Hill, New York, 1974.

3. H.S. Stoker and S. L. Seager, “Environmental Chemistry: Air and Water Pollu-
tion.” Scott, Foresman, Glenview, IL, 1976.

4. J. W. Moore and E. A. Moore, “Environmental Chemisry.” Academic Press, New
York, 1976.

5. S.E.Manahan, “Environmental Chemistry.” Willard Grant Press, Boston, 1979.

6. N.]. Bunce, “Environmental Chemistry.” Wuerz Publishing, Winnipeg, Canada,
1991.

7. T.Godish, ”Air Quality.” Lewis Publishers, Chelsea, M1, 1991.

8. S.E. Manahan, “Fundamentals of Environmental Chemistry.” Lewis Publishers,
Chelsea, M1, 1993.

9. R N.Reeve, “Environmental Analysis.” Wiley, New York, 1994.

10. C. Vandecasteele and C. B. Black, “Modern Methods for Trace Element Determi-

nation.” Wiley, New York, 1994.



Further Reading 55

11. M. W. Sigrist, editor, “Air Monitoring by Spectroscopic Techniques.” Wiley, New
York, 1994.

12. R E.Sievers, editor, “Selective Detectors: Environmental, Industrial and Biomedi-
cal Applications.” Wiley, New York, 1995.

13. K. D. Racke and A. R. Leslie, eds., “Pesticides in Urban Environments: Fate and
Significance,” ACS Symp. Ser. No. 522. American Chemical Society, Washington,
DC, 1993.

14. J.]. Breen and M. J. Dellarco, eds., “Pollution Prevention in Industrial Pro-
cesses: The Role of Process Analytical Chemistry,” ACS Symp. Ser. No. 508.
American Chemical Society, Washington, DC, 1992.

Journals
The following journals are specifically devoted to environmental chemistry
and environmental science and technology. Again, the listing is representative
rather than comprehensive.
Journal of the American Water Works Association
Journal of the Water Pollution Control Federation
Water Research
Environmental Science and Technology
Environment
Applied and Environmental Microbiology
Environmental Technology Letters
Environmental Progress
International Journal of Environmental Analytical Chemistry
0. Environmental Remediation Technology

=0 0 N O VT =

The following are trade journals in this field.

1. Pollution Engineering
2. Industrial Wastewater
3.  Environmental Solutions

Articles of environmental interest frequently appear in the following journals
and magazines.

Chemtech

Chemical and Engineering News

Chemistry and Industry

Nature

Science

Scientific American

American Laboratory

NG W



56 Chapter 1

8. American Environmental Laboratory
9. Analytica Chimica Acta

10. Talanta

11.  Analytical Chemistry

12.  Spectroscopy

13. The Analyst

Manuals and Handbooks

Many organizations provide comprehensive treatments, particularly of

hazardous chemicals, sampling and analytical procedures. A selection follows.

L

American Public Health Association, American Water Works Association,
Water Pollution Control Federation, “Standard Methods for the Examination
of Water and Wastewater.” American Public Health Association, Washing-
ton, DC., 18th ed., 1992.

American Water Works Association, Inc., “Water Quality and Treatment.”
McGraw-Hill, New York.

G. Weiss, ed., “Hazardous Chemicals Data Book.” Noyes Data Corporation,
Park Ridge, NJ, 1986.

M. Sittig, “Handbook of Toxic and Hazardous Chemicals and Carcinogens.”
Noyes Data Corporation, Park Ridge, NJ, 1991.

R. Lewis, “Hazardous Chemicals Desk Reference.” Van Nostrand-Reinhold,
New York, 1993.

H. Seiler and H. Sigel, eds., “Handbook on Toxicity of Inorganic Compounds.”
Dekker, New York, 1988.

Other Literature on Toxic Waste Treatment

1.

2.

3.

J. H. Exner, “Detoxification of Hazardous Waste.” Ann Arbor Science Pub-
lishers, Ann Arbor, MI, 1982.

B. B. Berger, ed., “Control of Organic Substances in Water and Wastewater.”
Noyes Data Corporation, Park Ridge, NJ, 1987.

S. D. Faust and O. M. Aly, “Chemistry of Water Treatment.” Butterworth,
Boston, 1983.

S. D. Faust and O. M. Aly, “Adsorption Processes for Water Treatment.”
Butterworth, Boston, 1983.

B. A. Boltoand L. Pawlowski, “Wastewater Treatment by Ion Exchange.” Spon,
London and New York, 1987.

J.N. Armor, ed., “Environmental Catalysis,” ACS Symp. Ser. No. 552. Ameri-
can Chemical Society, Washington, DC, 1992.

G.E Vandegrift, D. T. Reed, and L. R. Tasker, eds., “Environmental Remediation:
Removing Organic and Metal Ion Pollutants,” ACS Symp. Ser. No. 509. Ameri-
can Chemical Society, Washington, DC, 1992.



CHAPTER
Two

2.1. INTRODUCTION

Although we may not always recognize it, electrochemistry and electrochemical
processes have an impact on our everyday life in many different ways. Batteries,
corrosion, commodity chemicals, metallurgy, and electroplating are but a few of
the important examples. Before we begin to examine how electrochemistry
can play a useful role in environmental science and technology, it is first neces-
sary to review some fundamental concepts that can then be used as building
blocks for later chapters in this book.

We begin with an examination of charge and mass transport, then move
to a discussion of electrode/electrolyte interfaces and electrochemical cells, re-
view thermodynamic and kinetic aspects related to these systems, and finally fo-
cus on individual topics that form the prelude to more detailed and specific de-
scriptions in later chapters. These include Pourbaix diagrams (Chapter 3), elec-
troanalytical chemistry (Chapter 4), mass transport and electrochemical reactor
engineering (Chapter 5), and semiconductor electrochemistry (Chapter 6), the
companion material being shown in parentheses in each case. The reader
may, therefore, wish to peruse each of these sections in conjunction with its
detailed counterpart as a unit.
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2.2. CURRENT, CHARGE, AND POTENTIAL

It is conceptually useful to treat electricity in a manner analogous to
fluid flow. Thus the ability of a medium to conduct electricity is related to
its electrical resistance. A continuous range of materials behavior exists
from insulators to conductors with an important intermediate category
comprising semiconductors. The unit of current in the SI (Systéme
International d’Unités) system is the ampere (A). The current, I, is
defined as the increment of charge, dQ flowing across a plane in unit time:

=42 2.1)

The unit of electric charge in the SI system is the coulomb (C), and
according to Eq. (2.1), 1 ampere equals 1 coulomb per second. Another
important quantity is the current density, i:

i=IA (2.2)

which is the current flowing per unit cross-sectional area, A, of a plane (A/m?).

It must be noted that the fluid analogy is valid for current flow through
a medium. That is to say, just as a liquid or a solid medium behaves
almost incompressibly, the same current, I, flows across any given plane
in a conductor and indeed through an electric circuit in which all the
conductive elements are connected in series. Note, however, that the
current density (Eq. (2.2)) will be much greater in an electrical wire than,
for example, in a cylindrical conductor of greater dimensions, even though
the same current may flow through both.

An electrochemical cell is unique in that it comprises the flow of both
electronic and ionic charges. Recall that our definition of current, in gen-
eral, encompasses the movement of electric charge. Thus, we have to differ-
entiate an electronic current from an ionic current, and a given material
often is an excellent ionic conductor but not an electronic conductor.
We shall have opportunities to examine these variant types of behavior in the
sections that follow. However, unless explicitly stated, a current or a con-
ductor here refers to the electronic component.

In electrochemical terms, a useful measure of the quantity of charge is
the Faraday constant, F. It is defined as the charge borne by one mole of
electrons or equivalently, by 1 mole of univalent cations.
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F = N, e, = (6.0220 x 102 mol") (1.6022 x 10" C) = 96,485 C mol*
(2.3)

In Eq. (2.3), N, is the Avogadro number and ¢ is the charge on an electron.

What is the driving force for flow of electronic charge from one
location in space to another? Again, the “water-in-a-pipe” analog is useful.
Pressure is the driving force for fluid flow. The electrical counterpart of
pressure is the electrical potential, and we use the symbol ¢ for it. It is
measured in volts (V), and we know from elementary physics that 1 volt
equals 1 joule per coulomb (i.e., 1 V =1]/1 C). Unlike with pressure,
however, it is not possible to measure an absolute potential. The measurement
of absolute potential brings with it both conceptual and practical difficulties,
and it is possible to measure only a difference between two potentials. We
term this a potential difference or simply a voltage.

Electrons flow from a point of lower (i.e., more negative) electrical
potential toward a more positive one. This is the “downhill” direction,
much like a water column flowing downhill across a gradient of potential
energy (Figure 2.1). Note that the direction of electric current is often
defined counter to the flow of electronic charge. However, we shall
adhere to the description in terms of the direction of electron (or, in some
cases, ion) movement rather than the convention adopted, for example,
by the engineering or physics community. A more negative potential also
corresponds to a higher potential energy because the energy, E, is equal
to-Q V. This leads to the useful unit of electron—volt (eV) for energy, which
often is used in spectroscopy and semiconductor physics. The reference
level for the physics and the semiconductor device communities is the
vacuum level; that is, the electron energy in a vacuum and infinitely
removed from bulk medium effects. This is referred to as the zero energy
level. On the other hand, electrochemists and electrochemical engineers
prefer to use a standard reference electrode such as the standard hydrogen
electrode (SHE) and assign to it a potential of zero volts. All other potentials
are expressed relative to this reference electrode. The location of the SHE
on the vacuum scale has been the topic of much discussion and variant values
have been quoted for it.! However, a value of -4.44 eV now appears to be the
most tenable choice. Figure 2.2 provides a comparison of the two scales on this
basis.
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FIGURE 2.1. Analogy between fluid flow (a) and spontaneous electron transfer (b) from one re-
dox couple, A/B, to another, C/D.
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FIGURE 2.2. Comparison of the vacuum electron energy and the standard hydrogen electrode scales.
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2.3. CHARGE AND MASS TRANSPORT

The flux, J, of any species, j, across a plane of cross-sectional area, A, is
given by

diffusion migration convection

z;F
— J

Thebold-faced quantities in Eq. (2.4) signify that they are vectorial; that is, they
have both magnitude and direction. The flux has the units of mol m?s. The
Laplace operator V,

.0 .0 d
V=lax +]8y +kaz (2.5)

models the system in a rectangular region of space with i, j, and k being the
unit vectors along the x, y and z coordinates, respectively. In Eq. (2.4), D, is the
diffusion coefficient (m?/s), C. is the species concentration (mol/m?), Vg is the
potential gradient (i.e., the electric field, V/m), z is the ionic charge, u is the
solution velocity, and F, R, and T have their usual significance.

We see that the overall flux and mass transport is driven by three
terms: diffusion, migration, and convection. The goal of electrochemical
cell engineering is to maximize mass transport of the electroactive species
to the electrode surface, and this is true regardless of whether the cell will be
employed for pollutant sensing (Chapter 4) or pollutant degradation (Chapter
5). We shall explore strategies for doing this later in this chapter. But for now,
let us simply note that the driving force for each of the three components in Eq.
(2.4) is concentration, potential, and density gradients, respectively. Further,
convection can be either natural or forced in an electrochemical system. The
former arises even in an unstirred or stagnant solution because of the density
gradients generated as a result of electrolysis in the electrochemical cell.

Two other concepts related to the flow of charge and current flow are
pertinent before we move on to a discussion of electrochemical cells in
general. The first is the definition of an electrical conductance, K:

K = x(A/]) (2.6)

The value of K is directly proportional to the cross-sectional area, A, per-
pendicular to the electrical field vector and it is inversely proportional to the
length () of the segment along the field. The unitof Kis the Siemen (S) and the
proportionality constant, x (also called the electrical conductivity) is expressed
in Sm™. For a given species, x is given by:
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K = nepu = c !z].I H, (2.7)

]

That is, the conductivity intuitively may be expected to be governed by the
number density (or concentration) of the species, its charge e, (or z; if the
species of interest is an ion) and by its migration velocity, u, which is termed
the mobility. Mobility has the units of m? V' s'. The mobilities of some species
(both ionic and electronic) are contained in Table 2.1; they can be seen to vary
over a wide range. As is to be expected, ionic mobilities are much lower than
their electronic counterparts, and even among these, protons (or more correctly,
the hydronium ions, H,0*) have very high mobility relative to some larger
species. Note that Li* ions have rather low mobility (relative to K*, for example)
attesting to the effect of ionic solvation (i.e., hydration) in aqueous media.
The mobility and the diffusion coefficient are related through the
Nernst-Einstein law:

F
WH = 'Zj' ﬁ Di (28)

]

This equation underlines the fact that many factors that enhance one parameter
(temperature, solvent viscosity, etc.} have a similar influence on the other.

Table 2.1. Ion and Electronic Carrier Mobilities in Various Media at 298 K

Specie u/m?st v
H* 362.5 x 107
K+ 76.2 x 10°
Na* 51.9 x 10
Li* 40.1 x 10°
(CH)N 19.8x10°
OH- 204.8 x 10°
SO 82.7 x 10°
Cl 79.1 x 10°
Br 81.3x 10°
e 6.7 x10° (Ag)
~107 (TiO,, rutile)
0.15 (Si)
0.02 (ZnO)
h* 0.06 (Si)

Sources: K. B. Oldham and J. C. Myland, “Fundamentals of Electrochemical Science.” Academic
Press, San Diego, CA, 1994; S. M. Sze, “Physics of Semiconductor Devices.” Wiley
(Interscience), New York, 1969.

Note: The values for ions are for extreme dilution and aqueous solutions. The medium for the
electronic carrier in each case is listed in parentheses.
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It is important to recognize the chemical significance of electric current as
an indicator of reaction rate; thatis, a higher current translates to a faster reaction.
This can be seen by combining Eq. (2.1) with Faraday’s law:

Q = nFN (2.9)

In Eq. (2.9), n is the electron stoichiometry and N is the number of moles
undergoing electrochemical reaction. Thus,

_dQ dN
I= a nF - (2.10)

We see that the current indeed has the rate dimension of moles per unit time.
This equality will become important when we associate current flow with the
rate of pollutant decomposition.

2.4. ELECTRODE/ELECTROLYTE INTERFACES AND
ELECTROCHEMICAL CELLS

An electrode/electrolyte interface perhaps is the most important component
of an electrochemical system. This is the junction between the electronic conductor
(electrode) and the jonic conductor (electrolyte). The capacitive properties of
this interface limit the temporal response (i.e., the transient behavior) of the
electrochemical cell and also its function as an analytical sensor. We adopt the
usual electrochemical practice of employing vertical slashes to denote phase
boundaries within the cell. Thus the prototype Daniell cell may be schematically
represented by

-Zn | Zn*,_  HCu*_ | Cu +
(aq) (aq)

The two slashes in the middle of the cell signify the presence of a liquid junction.
As is usual with thermodynamic practice, standard states denote solution species
atunit activity (approximately unit molarity) and gaseous species at one atmospheric
partial pressure. Further, the SHE considered in a preceding section would
correspond to the half-cell:

Pt | H, (1 atm), H* (1 M)

Note that the platinum in this case functions as an inert electrode.

Two half-cells compose an overall electrochemical cell, and the cell voltage is
given by the difference between the two half-cell potentials. Particular attention
must be paid to the sign of these potentials. We recommend the exclusive use of
reduction potentials in the computation of cell voltages.



2.4. Electrode/Electrolyte Interfaces and Electrochemical Cells 65

To illustrate, let us return to the Daniell cell. The two relevant half-cell
reactions are

(aq)

Cu* . + 2¢
(aq)

Zn* ~+ 2e¢ & Zn
S Cu

The standard reduction potentials of these reactions (on the SHE scale) are -0.76 V
and +0.34 V, respectively (see Appendix C). We have seen that the spontaneous
direction of electron flow is from a negative terminal to the positive one.
Therefore, when the Zn and Cu electrodes are short-circuited, electrons will
flow from the Zn terminal to the Cu half-cell. In other words, the zinc electrode
will corrode and copper will plate onto the copper rod. The cell is said to operate
in the galvanic mode. All batteries operate in this manner in the discharge mode.

How long will the current flow through the external load? As with the
water flow downhill (Figure 2.1), the situation cannot last forever, and the cell
will “die” when the electrical pressure is equalized on the two half-cells, or
alternatively when the cell voltage becomes zero. This will happen when the
positive shift of the zinc half-cell potential is exactly counterbalanced by the
negative shift undergone by the copper half-cell potential.

The cell voltage is easily computed geometrically as illustrated in Figure
2.3. Some textbook treatments adopt a reversal of the zinc half-cell reaction (as
written previously) accompanied by a switch in sign of the corresponding standard
reduction potential, followed by the addition of the two half-cell potentials; that
is, 0.34 V + (+0.76 V) = 1.10 V. We prefer the alternative strategy of adhering
to standard reduction potentials regardless of whether an oxidation or reduc-
tion reaction is involved.

z 2+/0 Cu2+/0
-0.76 V +034V
| |
| |
1 I I I 1 ] 1 I 1 L 1 1 i l ]
i 0.6 0.4 0.2 0 0.2 } 0.4
1 |
] |
. e
~
110V
Cell Voltage

FIGURE 2.3. Geometric computation of the cell voltage in a Daniell cell. All solution species are
assumed to be at unit activity.
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In terms of relevance to the theme of this book, the contrathermodynamic di-
rection is often more important. Thus the preceding reaction in the Daniell cell
may be reversed (i.e., to plate Zn metal onto the zinc rod and to corrode the
copper rod) by applying an external voltage of 1.10 V to the cell. The zinc
half-cell attains a potential more positive than -0.76 V, and the Cu half-cell
potential becomes more negative than 0.34 V. In other words, the zinc half-cell
becomes the positive terminal and the copper rod becomes negative relative to
it. When operated in this mode, the cell becomes an electrolysis unit; that is, the
passage of electric current produces a chemical change.

The sign of the cell voltage becomes important in differentiating whether
the cell is operating in the galvanic or electrolytic mode. We know from
thermodynamics that the Gibbs free-energy change is negative for a spontaneous
reaction system. Thus, for a galvanic cell,

AG = -nFE (2.11a)
or AG® = -nFE° (2.11b)

The voltage in an operating Daniell cell (for all cell participants in their standard
states) thus will be +1.10 V.

In many instances, we are interested in the individual electrode/electrolyte
interface (rather than the overall cell reaction). Two examples may be cited,
both using the Cr(VI)/Cr(III) redox system as an example. When a spent chrome
etchant is to be regenerated, we are interested in only the electrode at which
the process

Cr* - Cr* + 3¢

occurs. In other words, as long as this process is not reversed at the other
electrode, we really do not care what happens at that half of the cell! Second,
we know that Cr(VI) is carcinogenic and environmentally of greater concern
than Cr(III). Suppose the task is to design an electrochemical sensor for Cr(VI)
assay. In this instance, we would focus our efforts on designing and optimizing
an electrode/electrolyte interface capable of selectively and sensitively
monitoring the Cr®/** redox process.

In both these examples, the second electrode/electrolyte interface serves
only to complete the electrical circuit. Note, however, that the same current
flows through both, and we must be careful that this counterelectrode is not
rate-limiting in applications where the overall flux is of importance as, for
example, in hazardous chemical treatment. In other words, the counterelec-
trode/electrolyte interface must be optimized to have fast reaction kinetics.
The preceding discussion also underlines the importance of ensuring that the
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product generated in the counterelectrode half-cell does not reverse the tar-
geted electrode reaction or otherwise interfere with our test interface. This can
be done using two-compartment cell designs (Figure 2.4). Cell designs are
discussed later in this chapter (Section 2.9).

Polarization is an inevitable consequence of current flow at an electrode/electrolyte
interface. This phenomenon can have many underlying reasons including
charge- and mass-transfer limitations. Notwithstanding the mechanism involved,
the electrode potential shifts to an extent depending on the magnitude of the
current flowing across the interface. Hence, unless the current flowing in the
electrochemical cell is very small (as for example when the electrode area is
very small or when potentiometric measurements are being made, see later), a
two-electrode cell containing the test electrode and a reference electrode generally
cannot be used. This is because the latter will polarize and its potential will start
to shift such that the potential of the working (test) electrode relative to it will
become of uncertain magnitude. Simply put, we have the untenable situation
of two unknown (half-cell) potentials whose difference is being monitored!
Therefore, three-electrode cell geometry is often the norm, especially in
laboratory situations where the current-potential behavior at the test
electrode/electrolyte interface must be characterized in a reliable fashion.
This is done using a device called the potentiostat-galvanostat (Figure 2.5).

%

FIGURE 2.4. Schematic diagram of a two-compartment cell design: (a) Pt spiral counterelectrode,
(b) porous glass or ceramic frit, (c) reference electrode, and (d) working electrode. Provisions for
sample addition and cell purge (with inert gas) may be made and are not shown.
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FIGURE 2.5. Schematic diagram of operational amplifier based circuitry for (a) potentiostat and
(b) galvanostat: CE = counterelectrode, RE = refernce electrode, and WE = working electrode.
Refer to text for other symbols. (Reproduced with permission from The Southampton
Electrochemistry Group, “Instrumental Methods in Electrochemistry.” Ellis Horwood,
Chichester, 1985.)
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In this arrangement, the current is passed between the working electrode
and the counterelectrode. The potential of the working electrode is monitored
relative to a separate reference electrode positioned with its tip close to the
working electrode surface. A Luggin capillary positioned very close to the
working electrode surface often is used for this purpose. Negligible current is
drawn through the reference electrode in the potential measurement loop such
that polarization of the latter is minimal. The placement of the reference elec-
trode relative to the working electrode is important, especially in nonaqueous
media and in flow cell geometries. This is because of the ohmic (IR ) drop in
the intervening electrolyte (see Section 2.5.4). This is not compensated for in
the arrangements in Figure 2.5, although strategies exist for compensation of
this voltage drop.?

Using the potentiostat/galvanostat, the potential of the working electrode
can be precisely controlled to a set value relative to the reference electrode.
Alternatively, a constant amount of current can be passed through the test
electrode/electrolyte interface in the galvanostatic mode. A disadvantage
with this approach is that the test electrode potential will sometimes drift to a
value in an undesirable regime (e.g., solvent electrolysis) when the reactant
(substrate) supply to the interface is depleted. Thus the potential will adjust
to the value required to sustain the value set for the current. Finally, in
conjunction with a programmer, the potential can be swept linearly in the
so-called potentiodynamic mode. This is especially useful for analytical
purposes such as in a voltammetry experiment (see Section 2.6).
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The reader will note that, in the preceding discussion, we have avoided use
of the terms anode and cathode for the working and counterelectrodes in the cell.
This terminology is not especially useful, since at a given electrode/electrolyte
interface, the reaction can proceed in either the forward or the backward direction.
Thus the same electrode can function either as an anode or a cathode, depending
on whether an oxidation or a reduction reaction is occurring on it. Indeed, in
many situations (e.g., semiconductor particles, a corrosion system), both types
of reactions occur simultaneously on the same surface! Of course, in these
latter cases, there is no net current flow because the cathodic and anodic
current components are exactly balanced. We shall treat such cases later in our
discussion of mixed potentials.

2.5. THERMODYNAMICS AND KINETICS IN ELECTROCHEMICAL
SYSTEMS

2.5.1. Use of Standard Reduction Potentials

Standard reduction potentials are a crucial aid to understanding and ratio-
nalizing phenomena such as electron transfer and catalysis. Thus, species with
high (i.e., positive) standard reduction potentials are good oxidizing agents and
are easily reduced. Examples of environmental import include Cr(VI) and H O,.
Conversely, chemical species with low (i.e., negative) standard reduction poten-
tials are good reducing agents and are easily oxidized. Alkali metals and sulfite
are examples of this group. When two redox couples with disparate standard
reduction potentials coexist in solution, spontaneous electron flow will occur
from the couple with a negative standard reduction potential to the couple with a
more positive standard reduction potential (see Figure 2.1). Thus, permanganate
is expected to oxidize Fe(II) to Fe(IlI), the two relevant standard reduction poten-
tials being 1.512 V and 0.77 V on the SHE scale (Appendix C).

By the same token, MnO,” and Cr,O,* ions are thermodynamically expected
to oxidize water (to O,). The good stability of these solutions in water (as all
undergraduate chemistry students can attest to in the laboratory) is a result of
sluggish electron transfer kinetics. Often a catalyst is required to mediate charge
transfer and accelerate the reaction rate. Herein lies the limitation of thermodynamic
predictions, thermodynarnics tells us only whether a given process is feasible or
not. It does not afford insights into how fast the process will occur.

Figure 2.6 contains an extension of the graphical method first shown in
Figure 2.3 and is a useful aid for understanding and rationalizing the chemical
significance of half-cell (or redox) potentials.
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FIGURE 2.6. Oxidizing and reducing agents shown on a common scale based on the standard
hydrogen electrode.

2.5.2.  Redox Potentials and the Nernst Equation

So far we have mainly considered cases where all the cell participants are in
their standard states. What happens when the concentration (or, more correctly,
the activity) of a given ionic species is reduced below 1 M? We have the Nernst
equation:

_r_ RT
E,=E-2l1nQ, 2.12)

to describe the nonstandard situation. This equation, which is equally applicable
to both the overall cell reaction and a half-cell reaction, will be considered only
for the latter case for reasons enumerated earlier. In Eq. (2.12), Eeq and E° are
the equilibrium potential and the standard reduction potential, respectively,
and Q, is the reaction quotient. Consider the half-reaction:

Zn**(aq) + 2e & Zn(s) (2.13)

which is the negative electrode in the Daniell cell. The reaction quotient for
this system is
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Qe = 2/ Aznt%aq) (2.14a)

where a represents the activities. As is the thermodynamic norm, the activity
of a pure state is taken to be unity. Thus,

Qp = Vayp,, (2.14b)
Substitution into Eq. (2.12) yields

E,=E+ % 1N Az,21 (2.15)

At 25°C, the collection of constants preceding the logarithmic term in Eq. (2.15)
canbe evaluated, and along with the conversion of natural to base 10 logarithms,
Eq. (2.15) becomes

E,=E+ ———0'05’92 log az.2+ (g (2.16)

Thus the potential shifts by ca. 60 mV for a one-electron process for a decade

change in the specie concentration. This shift will be negative for reduction

and positive for an oxidation process. In other words, the process becomes

more difficult as the substrate activity is lowered, which makes intuitive sense.
The Nernst equation has the general form

4+ RT 80
Eeq =E+ nE ln ag (2.17)

In Eq. (2.17), the subscripts O and R denote the oxidized and reduced forms of
a redox couple.

In practical terms, molar concentrations are more convenient to use rather
than activities. Since,

8, = yC, (2.18)

where Y, is the activity coefficient, Eq. (2.17) becomes

. RT RT, C,
Eg=E+ 7 Inv/w+ Fln T (2.19)

This can be reexpressed as

. RT, G
Eeq =E'+ —7‘17:“ In 'q‘ (220)
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FIGURE2.7. The electrochemical consequence of perturbing a redox couple poised at a potential,
E,, by application of an external bias potential.

where E” is called the conditional or the formal potential. The key difference
between Eand E is that the latter is medium dependent. However, use of E”
has the advantage of operational convenience.

For a redox couple containing soluble components, Egs. (2.17) and (2.20)
underline that activity or concentration ratio controls E° and E”, respectively.
Thus, a Pt wire immersed in either 1 M each or 1 mM each of Fe** and Fe?* ions
should register the same E* value (e.g., 0.77 V vs. SHE in 1 M HCl). The E”
values may differ slightly in the two instances and in another medium (e.g., 1
M H,SO,) because of activity differences (see Eq. (2.19)). This is the equilibrium
null or the “rest” value for the interface. When the Pt electrode potential is
made positive of 0.77 V (with a power source or a potentiostat), some of the
Fe?* species will be oxidized to Fe** and an anodic current will flow. Conversely,
when the electrode potential is made slightly negative of 0.77 V, the reaction

Fe* — Fe® + ¢

will occur and the concentration ratio will accordingly adjust to a new value as
dictated by Eq. (2.20).

Figure 2.7 illustrates the two scenarios. We have in effect begun to map the
current-potential behavior of a test electrode/electrolyte interface.

2.5.3.  Electrode Reaction Kinetics
The implicit assumption in the preceding discussion was that the

charge-transfer kinetics was infinitely fast, and the concentrations (or, more
precisely, the activity ratio) were always equilibrium values as dictated by the
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Nernst equation. Such redox couples are viewed as electrochemically reversible
or Nernstian in behavior. But we know that the Fe*/?* aquo complex does not
have very fast reaction kinetics. In such cases, the redox couple often will obey
the Butler—Volmer equation:

i=nF(r, —1,.4)

— HFK(Gexp [ (1-a)£§(E_E°')] G exp [;%]} (2.21a)

where 7 and r_, are the rates of the anodic and cathodic reaction branches
(see Figure 2.7), a.is called the symmetry factor, k™ is the conditional rate constant
(o1, alternatively, the formal standard heterogeneous rate constant), and the
superscripts on the concentration terms, C, and C,,, respectively for the reduced
(e.g., Fe*") and oxidized (e.g., Fe**) forms of the redox couple, signify that these
are the concentrations at the electrode surface.

Another useful measure of charge-transfer kinetics is the exchange current
density, i*":

i = nFC* k" (2.21b)

The concentration C* in Eq. (2.21) is for the particular (standard) case when C*
= C.*, where the asterisks denote bulk concentration. The i*’ parameter may be
regarded as an indicator of the “idling speed” of the redox reaction at a particular
electrode/electrolyte interface. The higher the value of i*’, the smaller is the
magnitude of the “kick” necessary to initiate a net current flow in either direction.
Table 2.2 lists the k*/, i*/, and o values for selected redox couples. The effect
of the parameters o and i*” on the shape of the current—potential curve is shown
in Figures 2.8A and 2.8B, respectively. Now we have a more quantitative basis
for ordering redox couples in terms of their kinetic facility. Thus, redox couples
with i’ values greater than ~10* A/m? and o = 0.5 qualify for being classified as
reversible or Nernstian. On the other hand, a redox system with an "’ of 10°
A/m? (Figure 2.8B) would be irreversible. Many redox couples fall somewhere
between the two extremes in the quasi-reversible regime (see Table 2.2).

2.5.4. Ohmic, Activation and Concentration Polarization

The shift in the potential caused by the passage of current is called polarization
as was briefly discussed in Section 2.4. Polarization has three underlying causes:
ohmic, activation, and concentration. Their effects are more or less additive
and the potential shift is called an overpotential, 1:

E=E_ +7 (2.22)

Mot = Mobmic ¥ Mot T Meone (2.23)
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Table 2.2. Kinetic Parameters for Selected Electrode Reactions

Reaction Medium Electrode o k” i
ms?! A/m?
Fe*(aq) / Fe™(aq) 0.5 M Pt 0.50 9x 10 87
HCIO, @5)
Fe**(aq) / Fe**(aq) 1.0M C 0.59 1.2 x10°¢ 116
HCl 1)
MnO; (aq)/ MnOf'(aq) 1.0M Pt — 32x10° 3,088
KOH (20)
Agt(aq) / Ag(s) 1.0M Ag — 2x 107 19,297
HCIO, 25)
Fe(CN),*(aq) / Fe(CN),*(aq) 1.0M Pt 0.49 6.6 x 104 63,680
KNO, (35)

Source: Data from K. B. Oldham and ]. C. Myland, “Fundamentals of Electrochemical Science.”
Academic Press, San Diego, CA, 1994.

Note:  Values in parentheses denote the measurement temperature in "C.

Note that the magnitude of 1 depends on the current density, i. For ohmic
polarization,

MNowrie = I R, (2.24)

In Eq. (2.24), R, is the resistance of the solution between the working and ref-
erence electrodes. This expression shows why the placement of the reference
electrode relative to a working electrode in a three-electrode arrangement (Figure
2.5) is critical especially in the (rather resistive) nonaqueous solution media.

The Butler—Volmer equation (Eq. 2.21a) may be rewritten to bring out the
activation overpotential term:

L F F
i = "fexp [(1-0) T Mad = e [0 T M)}

: } (2.21¢)
anodic cathodic

The fundamental equation in this form illustrates several useful points:
(1) When n__ is large and positive, the anodic branch dominates and
i>> i
(2) Whenn__, is large and negative, the cathodic current branch dominates
andi_, >>i_.
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FIGURE 2.8. Effect of the transfer coefficient (o) and the exchange of current density (i) on the
shape of current—potential curves. In (A) n=1, T=298 K, and i"=10"* A/cm?; and in (B) 0=0.5, n=1,
T=298 K, and = 1073, 10%, and 10? (A/cm?) for curves (a), (b), and (c), respectively. (Reproduced
with permission from A.J. Bard and L R. Faulkner, “Electrochemical Methods.” Wiley, New York,
1980.)
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(3) M, takes the same sign as the applied potential; that is, positive for
anodic processes and negative for cathodic reactions.

(4) Wheni =i_,i=i".

(5) When n__ is small (a few mV) relative to RT/nF, Eq. (2.21c) may be
linearized to obtain

RT
Ro= 7 (2.25)

The parameter, R, is useful as yet another descriptor of the kinetic facility of
the electrode/electrolyte interface and is termed the charge-transfer resistance.
It is accessible via AC electrical impedance measurements.

Figure 2.9 illustrates the additivity of the anodic and cathodic current
branches and their relationship with respect to the overall current-voltage curve
for the particular electrode/redox electrolyte interface.

FIGURE 2.9. Current-potential curve illustrating the additivity of the component anodic and
cathodic processes. The limiting currents, I, ,and I,  are assumed to be equal in magnitude. Fur-
ther,I /I =0.2,a=0.5,n=1,and T=298 K. (Reproduced with permission from A.J. Bard and L.R.
Faulkner, “Electrochemical Methods.” Wiley, New York, 1980.)
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Consider again the anodic current branch:

i=i =i"exp{{(1-0) RE% Moo (Wheniy >> 1.,

Ini=Ini'+(1-0) 25 E-E,) (2.262)
A similar treatment for the cathodic branch yields
In(-)=Ini- o 7 (E E) (2.26b)

Equations (2.26a) and (2.26b) are known as Tafel equations. They illustrate a
route to the analysis of current-potential data by plotting log i vs. potential. Such
Tafel plots may be used to measure E,, i, a, and n, as illustrated in Figure 2.10.
The departure from linearity at low values of n_, illustrates that the assumptions
i >>i ,andi_ >>i underlying Eqgs. (2.26a) and (2.26b), respectively, become
invalid in this regime. That is, the back reactions become important at low n__.

Concentration polarization begins to limit the overall current flow at high
values of n_; that is, the electrode/electrolyte interface starts tobecome depleted
of the substrate (reactant), C.°< C.* and C_* < C_* where the superscript s de-
notes concentrations at the interface. This is best illustrated using another form
of the Butler—Volmer equation:

200 150 100 50 -50 -100 -150 -200
7.mV

FIGURE 2.10. Tafel plots for anodic and cathodic branches of the current density—overpotential
curve for O + ne = Rwithn =1, =05, T=298 K, and " = 10 A /cm?. (Reproduced with permis-
sion from A.]. Bard and L.R. Faulkner, “Electrochemical Methods.” Wiley, New York, 1980.)



78 Chapter 2

z ]
Z

[

e lL,c

=]

[

E -
O WE>E, E E<Eg ¢)

it a

-«—— Potential —

FIGURE2.11. Limiting current flow in anodic and cathodic branches of the current-potential curve.

s
i~ 1.01 CR exp|:(1 - a) nFT]aCt} _ COS exp[anp] n
Cp* RT c,* RT | 'act (2.21d)
The exponential growth of the current-potential curve (in either direction) is
ultimately kept under control by the factors C,°/C,* and C*/C,* which de-
scribe the reactant supply to the interface. Thus the currents ultimately pla-
teau at the two extremes to yield the corresponding limiting currents (Figure
2.11), so called because the 7, , and 7, _ values are limited by C;* and C,* (the bulk
concentrations of the redox species), respectively.

Quantitative treatments of concentration polarization are available, depending
on whether the solution is quiescent or stirred (as in hydrodynamic voltammetry).
We shall examine these in greater detail later in this chapter.

2.5.5.  Pourbaix Diagrams

The discussion in Section 2.5.1 did not take into account the pH of the medium
in which the electrochemical reaction is occurring. For example, consider the
Zn*/° redox couple. In addition to

Zn*(aq) + 2e 2 Zn(s) (2.13)
other equilibria are possible, including

Zn(OH),(s) + 2H" + 2e¢ &2 Zn(s) + 2H,0O (2.27)

and
ZnOj(aq) + 2H,O +2e 2 Zn(s) + 40OH (2.28)



2.5. Thermodynamics and Kinetics in Electrochemical Systems 79

Reactions 2.13 and 2.28 are important in acidic and basic media respectively
(see Figure 2.12a).

Predominance diagrams that take pH into account are known as Pourbaix
diagrams. Figure 2.12 contains such diagrams for the Zn-H,O (Figure 2.12a)
and the H,O solvent (Figure 2.12b) systems, respectively. These diagrams are
plots of the standard reduction potential vs. the solution pH; all species are
usually defined in their standard state unless otherwise noted. That is, the
solution species are at unit activity (approx. 1 M), gaseous species are at 1 atm
partial pressure, and the system is defined at 25°C. Similarly, pure phases and
the solvent have unit activity.

Therefore, the zones in Figure 2.12 indicate the pH and potential regimes
of predominance of a particular species. These diagrams are to be used much
like phase diagrams. Consider Figure 2.12b, for example. Liquid water and
the ions with which it is in equilibrium are stable only in the central thombohedral
zone. At a potential lying above the upper diagonal line, water should
decompose according to

H,0() - O,(g) + 4H*(aq) + 4e (2.29)
or
40H(aq) - O,g) + 2H,0() + 4e (2.30)

depending on the pH. On the other hand, at lower potentials (below the lower
diagonal line), water can be reduced to H, via either

2H*(aq) + 2e° = Hy(g) (2.31)
or
2H,O() + 2e — Hy(g) + 20OH(aq) (2.32)

At pH 0, these “critical” potentials lie at 1.23 V and 0 V, respectively, and they
shift with pH at the rate of -59 mV/pH (at 25°C) according to the Nernst
equation (2.12).

In practice, however, water is much more stable (especially toward
oxidation) than suggested by Figure 2.12b. This is a major weakness of Pourbaix
diagrams, in that they indicate only what is thermodynamically feasible. For
example, the environmentally important specie, H,O,(aq) is completely absent
from the Pourbaix diagram for dioxygen (Figure 2.12b) because it is
thermodynamically labile toward water and O,. However, H,0, is usually
the first product of the cathodic reduction of dissolved O,:

O,(aq) + 2H*(aq) + 2e — H,0O,(aq) (2.33a)
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(@)

Zn(CH); (s)

Zn03" (ag)

(b)

FIGURE 2.12. Pourbaix diagram of the Zn-H,O (a) and the H,O solvent (b) systems at T=298 K.
Solid lines relate to unit activities of all species and dashed lines denote predominance zones
when ions are at an activity of 10 (Reproduced with permission from K. B. Oldham and J. C.
Myland, “Fundamentals of Electrochemical Science.” Academic Press, San Diego, CA, 1994.)
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The subsequent reduction to water,
HO,(aq) + 2H*(aq) + 2e - 2H,0() (2.33b)

has a much more positive standard reduction potential.

Nonetheless, Pourbaix diagrams have a useful diagnostic role, and we shall
consider them again in conjunction with the electrochemistry of inorganic
pollutants in the next chapter.

2.5.6. Mixed Potentials

Many practical systems contain a mixture of redox couples or species
capable of undergoing electrochemical reactions. In such cases, the concept of
the mixed potential (a term borrowed from the corrosion field) is useful. Consider
the Cu*/® redox couple in a strong chloride medium. (This stabilizes the Cu(I)
redox state.) Figure 2.13 contains the current-potential curves for a copper rotating
disk electrode. The anodic polarization curve for the dissolution of copper

Cu(s) - Cu*(aq) + € (2.34a)

in the absence of appreciable amounts of Cu(I) in solution is shown as curve g in
Figure 2.13. Note the absence of a mass-transport limited plateau (see Section
2.5.4) since the supply of the reactant, copper metal, is virtually unlimited.

FIGURE 2.13. Current-voltage curves for copper rotating disk electrode in 3 M chloride. Disk
rotation speed 1600 RPM, area 7.07 x 107 m2 See text for description of curve symbols. (Repro-
duced with permission from Power and Ritchie.?)
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On the other hand, the cathodic polarization counterpart for the reverse reaction
Cu'(aq) + e — Cu(s) (2.34b)

in the absence of the metal is clearly not directly accessible. Attempts to measure
it will yield only the combined curve c. A polarization plot for the cathodic
discharge of Cu(I), however, can be synthesized using the principle of current
additivity®:
I,=1 +1, (2.35)
Thus curve b in Figure 2.13 is obtained as the difference of I , and I . The
potential at which curve ¢ cuts the zero current axis, of course, is the reversible
(equilibrium) potential.
Suppose now that two redox couples are present, Fe**/?* and Cu*/’, as
before. The anodic reaction is the same as in Eq. (2.34a), and the corresponding

polarization curve is shown as curve g in Figure 2.14. The polarization curve
for the cathodic reaction

Fe* + e — Fe¥ (2.36)

1/ uA

50

50 \b

FIGURE 2.14. Current-voltage curves for the dissolution of copper in iron(III) (CI- = 3 M). Disk
rotation speed 900 RPM, area 7.07 x 10® m% (a) Polarization curve for the oxidation of copper(0).
(b) Calculated polarization curve for the reduction of iron(III) on platinum. The points marked by
dots were calculated by adding a and b. (Reproduced with permission from Power and Ritchie.?)
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is experimentally inaccessible. This is because of the location of the standard
reduction potentials of the two redox couples: 0.34 V and 0.77 V for the Cu*/°
and Fe®/?* systems, respectively. Therefore, the reduction of Fe* cannot be
studied independent of the simultaneous corrosion of copper metal. However,
the reduction of Fe(Ill) on platinum (curve b, Figure 2.14) is similar to that on
copper and is mass-transport controlled; and hence relatively independent of
the nature of the electrode material. Curve ¢ in Figure 2.14 is the measured
current-voltage curve for a copper electrode dipped in an iron(IIl) solution.
The points on curve ¢ were calculated? as before, according to Eq. (2.35); good
agreement is seen between the experimental data and the model prediction.
The potential at which curve c cuts the zero current axis in Figure 2.14 defines
the mixed potential of the system. This is the potential at which the anodic and
cathodic current components exactly balance, as seen by comparing the magnitude
of the “tie-lines” in Figure 2.14. The mixed potential for the reaction

Fe’*(aq) + Cu(s) — Fe**(aq) + Cu*(aq) (2.37)

has exactly the same significance as the reversible potential for the reaction
considered earlier; namely,

Cu*(aq) + Cu(s) —» Cu(s) + Cu*(aq) (2.38)

We shall use this concept in the modeling of semiconductor colloidal particles
in Chapter 6 of this book.

2.6. ELECTROANALYTICAL CHEMISTRY

In this section, the necessary background for the use of electroanalytical
techniques is provided as a prelude to the subsequent discussion in Chapter 4
on their use in the assay of pollutants. Techniques such as voltammetry are also
useful for first defining the electrochemical behavior of a targeted pollutant.
Based on these voltammetric data, “end-of-the-pipe” electrochemical pollution
abatement procedures can be devised to either decompose the pollutant (to
less harmful products) or to convert the spent effluent (e.g., Cr(III)) to the start-
ing state (Cr(VI)), which can then be recycled back into the process input.

Electroanalytical techniques can be classified as dynamic (or active) or
passive, depending on whether the process of measurement itself forces
concentration (or activity) changes at the electrolyte interface. Thus,
techniques such as voltammetry belong to the former category, whereas
potentiometry is an example of a passive technique. These categories of
techniques are now considered in turn.
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2.6.1.  Potentiometric Methods

The indicator electrode is of paramount importance in analytical
potentiometry. The indicator electrode potential, E_, is related to the cell voltage,
E_, via Eq. (2.39):

E =E

cell ind Eref

+E, (2.39)

E  and E, are the reference electrode and liquid junction potentials, respectively.
If these are invariant in the measurement process, and if E_, responds to
variations in the analyte activity, then measurement of E_, provides a route to
quantification of the analyte activity (or concentration).

Perhaps the most common example of this approach is the use of the glass
membrane electrode for measurement of solution pH. A wide variety of
electrodes have been developed for potentiometry and will be discussed in
Chapter 4. The connection between E_ and the analyte activity is provided by
the Nernst equation (2.12) re-expressed as follows for the specific case of an
ionic analyte:

cel

Ew =K+ 2L I, (2.40)

where K is a constant that contains E,. If the measurement conditions are such
that the activity coefficients are approximately constant, then the activity terms
such as a_ in Eq. (2.40) can be replaced by concentrations:

, RT
E,=K + % InC, (2.41)

cell nF

Note that temperature fluctuations must be minimized because the slope of a
calibration plot of E_ vs. C_, will be dependent on temperature. In the ideal
case, the slope will have a value of 0.0591 V for measurements made at 25°C
(see Section 2.5.2).

Selectivity is an important consideration in all analytical procedures, and
potentiometry is no exception. Equation (2.40) may be modified to explicitly
show the selectivity of the indicator electrode to the target analyte:

RT
Egw=K+ —zInfg+ka™) (242)

cell
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FIGURE 2.15. Schematic representation of membrane electrode cell assembly: 1 = membrane
potential to be recorded; 2 = internal reference electrode; 3 = internal filling solution; 4 = sample
solution to be measured; 5 = membrane; and 6 = external reference electrode. (Reproduced with
permission from N. Lakshminarayanaiah, “Membrane Electrodes.” Academic Press, New York,
1976.)

In Eq. (2.42), 4, is the activity of the analyte ion, 4, is the activity of the interferent
ion, x is its charge, and k_ is the selectivity constant (or alternatively called the
cross-sensitivity term). Thus k, is a useful figure-of-merit for the selectivity
of the potentiometric electrode. Small values of k, obviously are preferable.
A selectivity constant of 0.01 translates to a situation where the interferent would
have to be at an activity 100-fold that of the analyte to yield a comparable
potentiometric response. Glass membrane electrodes for pH measurement,
for example, have a selectivity order of H* >>> Na* > K*, Rb*, Cs* ... >> Ca™.
Glasses containing less than about 1% AlO, yield good pH electrodes with little
metal-ion response. Unfortunately, much of the compositional optimization is
empirical, especially for membrane electrodes, since the fundamental in-
terfacial phenomena underlying their response is not well understood at
present.
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Diffusion
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FIGURE 2.16. The components of a membrane potential measurement. (Reproduced with per-
mission from N. Lakshminarayanaiah, “Membrane Electrodes.” Academic Press, New York, 1976.)

Given that the membrane is the key component of a potentiometric sensor,
it is perhaps not surprising that much effort has gone into gaining a fundamental
understanding of membrane phenomena. Any phase that separates two other
phases and affords passage with varying degrees of restriction of one or more
species of these two external phases may be defined as a membrane. The
membrane electrode in a potentiometric sensor could be either a solid or liquid,
and the membrane phase may or may not be charged. Electrical potentials
arising across membranes when they separate two electrolyte solutions are
called membrane potentials (Figure 2.15). There are three components to this
potential, as illustrated in Figure 2.16. First, there may exist a diffusion potential
because of differences in the mobilities of the ions. A second source is the
presence of charged species (i.e., ions) that cannot pass through the membrane
because of its permselectivity. This is the Donnan potential. A third (rather
trivial) source is the ohmic component because of the membrane resistance.
This potential of course will be negligible at or near zero current as is typical of
a potentiometric measurement. If the membrane has no fixed charge (e.g., a
neutral carrier ionophore membrane), the membrane potential would be
equivalent to a diffusion potential. In this case, the Nernst-Planck flux equation
becomes applicable. The various theoretical approaches to the calculation of
membrane potentials depart from one another in the nature of the flux equation
used in the treatment. Thus, theoretical approaches may be classified into those
based on the Nernst-Planck equation or its refinements, a second category based
on the use of the principles of pseudo-thermostatics and irreversible thermodynamics,
and a third category based on the concept of absolute rate processes.

The interested reader is referred to the literature listed at the end of this
chapter for a more detailed discussion on the theories of membrane electrode
potentials.
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Waveform Description Electroanalytical
Techniques
Constant E LCEC
Amperometric
titrations
Deposition in ASV
Controlled E
coulometry
Linear E scan Single sweep
voltammetry
Polarography
Cyclic E scans Cyclic
voltammetry
E pulses with Pulse
increasing voltammetry
amplitude
.T_,‘:‘ E pulses Differential
g superimposed on pulse
s linear E scan voltammetry
[
[| Symmetrical Square
pulse train wave
added to a voltammetry
staircase
Staircase Staircase
voltammetry
Hydrodynamic
voltammetry
(steady-state)

FIGURE 2.17. Potential excitation signals for various dynamic electroanalytical techniques. (Re-
produced with permission from H.A. Strobel and W.K. Heineman, “Chemical Instrumentation:
A Systematic Approach.” Wiley, New York, 1989.)
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2.6.2.  Dynamic Methods

A variety of voltammetric techniques have been developed in which an
external potential is applied to the electrochemical cell and the resulting current
is measured. Then, a voltammogram is prepared, a plot of the current vs. the
applied potential. Figure 2.17 contains potential excitation signals for some
commonly used voltammetry techniques. The variant ways in which
voltammetry may be implemented may be recognized as follows:

¢ The solution may be moving or quiescent with respect to the electrode.

¢ The waveform for the applied potential may be varied.

* The timing sequence of the current measurement with respect to the
potential waveform may be varied.

* Theelectrode and cell geometry, which affect the current response, may be
varied.

We shall now elaborate on four of these useful techniques in environmental
electrochemistry; namely, cyclic voltammetry, polarography, pulse voltammetry,
and stripping voltammetry.

Cyclic Voltammetry. This is perhaps the most versatile electroanalytical
technique. The effectiveness of cyclic voltammetry (CV) results from its
capability for rapidly observing redox behavior over a wide potential range.
Indeed, CV has been termed electrochemical spectroscopy® because of broad similarities
in the information content in the two types of measurements. Figure 2.18
contains a cyclic voltammogram for an organic substrate, p-aminophenol (PAP),
in an aqueous medium. The data contained in this figure illustrate the power
of this technique for mechanistic and diagnostic studies. In particular, coupled
chemical reactions can be studied via CV. In the example in Figure 2.18, the
starting compound generates benzoquinoneimine (BQI) on oxidation, which
subsequently undergoes a chemical reaction with the solvent (water) to form
quinone. This chemical reaction diminishes the amount of BQI available in
the electrode vicinity for reduction back to PAP during the negative-going
scan. This illustrates the utility of the return cycle. The diminution of the peak
current ratio for the forward and reverse cycles (Ipc/ Ipa) can be used for the
estimation of the rate constant for the chemical reaction.

The potential scan rate also can be used as a variable to probe the kinetic
facility of the redox couple since, at sufficiently fast scan rates, the effect of the
chemical reaction becomes negligible and I, /I approaches unity.
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FIGURE 2.18. Cyclic voltammogram of p-aminophenol in 0.01 M H,SO, at a carbon paste elec-
trode. (Reproduced with permission from H. A. Strobel and W.K. Heineman, “Chemical Instru-
mentation: A Systematic Approach.” 3rd ed., Wiley, New York, 1989.)

Cyclic voltammetry can also be used for exploring the kinetics of charge
transfer at an electrode/electrolyte interface. For a reversible (fast) system, the

current in the forward sweep of the first cycle is given by the Randles-Sevcik
equation:

I = (269 % 10° n¥* A D' C* /2 (2.43)

where v is the potential scan rate (in V s?). The formal reduction potential for
areversible couple is centered between the anodic and cathodic peak potentials:

E.+E,.
S S 5 P (2.44)

ar
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FIGURE 2.19. Cyclic voltammograms for (a) reversible (solid line, k" = 1cm/s), (b) quasi-revers-
ible (dashed line, k* = 1.25 « 10 cm/s), and (c) irreversible charge transfer (dotted line, k*’ = 6.25
10 cm/s) cases; D =1+ 10%°cm?/s, v = 0.1 V/s, 12y (at): normalized current function. (Repro-
duced with permission from Heinze.?)

The peak separation AE_ for a reversible couple is given by

AE = E_-E_= 009 (2.45)
p pa pc n

For sluggish redox couples, these relationships will not generally hold. A
plot of the peak current vs. the square root of the scan rate will often still be
linear but the slope will be lower than that dictated by Eq. (2.43). Similarly, AE,
will deviate from the reversible value, and this deviation can be used for an
estimation of k°” (Section 2.5.3).°

Figure 2.19 contains examples of CV traces for electrochemically irreversible
redox couples and contrasts these with the reversible case. Note that
thermodynamic parameters such as E” no longer are accessible from CV data
in these cases, but instead kinetic parameters such as k*’ can be extracted.

Redox couples immobilized on the electrode surface are less prone to
effects of mass transport. Thus, plots of I vs. v'/? will not be linear in such
cases; instead, I will exhibit a linear dependence on v. Similarly, AE will be
close to zero for redox couples confined to electrode surfaces.

The advent of advanced software and computation has significantly
enhanced the scope of CV for mechanistic studies.*” Thus comparison of simulated
voltammograms with experimental ones serves to validate a particular scheme
for the test system. Computer simulation also is useful for gauging the
sources of errors in data extraction from CV such as the magnitude of the
{uncompensated) IR drop.
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Equation (2.43) suggests that the peak current, I should be linearly related
to the analyte concentration, C. Alternatively, since the abscissa is a time-related
parameter (recall that the potential is ramped in a linear manner), the area
encompassed in a CV peak should afford the electroactive charge, Q, and thence
the analyte concentration (Eq. (2.9)). Both these expectations are borne out;
however, CV is hardly the technique of choice for quantifying analyte
concentrations especially at trace (sub-mM) levels. This is because its sensitivity
is seriously limited by the capacitive current that flows at the electrode/electrolyte
interface.

Polarography. Polarography predates voltammetry, and the distinction
between the two techniques relates to the working electrode material
used — dropping mercury in the former and a solid electrode in the latter.
The two main virtues related to the use of dropping mercury as an electrode
material are as follows. First, its surface is continually renewable, and therefore
a perennial problem with electroanalytical techniques, namely, that of electrode
fouling, is circumvented. Second, mercury has a high overpotential for hydrogen
evolution, and therefore its negative potential window can extend up to ~-2.0
V (vs. SCE). On the other hand, mercury has a very restricted positive window
because of its proclivity to undergo oxidation. The environmental problems
associated with the routine use and disposal of mercury in the laboratory have
curtailed its popularity in recent years. Nonetheless, polarography is often the
method of choice for the determination of many environmentally important
reducible species and for speciation applications.

I i 1 A J
-08 -1.0 -2 -1.4 -16
£,V vs. SCE

FIGURE 2.20. Polarogram for 1 mM CrO,* in deaerated 0.1 M NaOH. The lower curve is the
residual current obtained in the absence of CrO,>. (Reproduced with permission from A.]. Bard
and L.R. Faulkner, “Electrochemical Methods.” Wiley, New York, 1980.)



92 Chapter 2

An expression analogous to Eq. (2.43) can be derived by taking into
account the variation of the drop area with time. The result is the Ilkovic equation
for the limiting diffusion current, I :

I, = 708 nDV2 m?/> /6 C* (2.46)

where I, has the units of LA, m is the mass flow rate, and ¢ is the drop life of the
mercury inmg s™ and s, respectively. A representative polarogram is contained
in Figure 2.20. Quantitation of analytes may be made (usually at the ppm range) by
using calibration standards, an internal standard, or by the method of stan-
dard additions. Alternatively, the electroactive species may be identified by
the location of the half-wave potential, E, , which is the potential at which the
limiting current is half its maximum value. This characteristic potential is
related to E” according to the expression

o« RT
E,=E"+ -Elog (Dg/D)? (2.47)

where D, and D, are the diffusion coefficients of the reduced and oxidized
species, respectively. Since the ratio D,/D,, is usually close to unity for most
redox systems, the two potentials are not very different.

As with its CV counterpart, polarography suffers from sensitivity prob-
lems associated with capacitive charging of the electrode/electrolyte interface.
Substantial improvements are possible via the use of pulse excitation in-
stead of a linear potential ramp. This class of voltammetric—polarographic
techniques is reviewed next.

Pulse Voltammetry. The electrode—solution interface behaves like a ca-
pacitor, and a double-layer capacitance, C  can be defined for it. The capacitance
is nominally on the order of 1040 mF/cm. However, unlike a real capacitor,
whose capacitance is independent of the voltage across it, C, is often a weak
function of potential. The transient current, I(t), to a potential step is given by

1) = L eres (2.48)
Rs
Ohmic behavior is assumed here and the initial current, I(0) is given by E/R.
The product R C has the dimension of time, and is called the time constant, 1.
Hence the current decays to 37% of its initial value at ¢ = 1, and to 5% of its
initial value at ¢ = 31. For example, if R =1 ohm and C, =20 mF, ¢t =20 ps, and
double-layer charging is 95% complete in 60 ps.
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FIGURE 2.21. Excitation signals (a), current response signals obtained at different locations in a
corresponding linear sweep voltammogram (b), and the voltammogram (c) for differential pulse
voltammetry. (Reproduced with permission from H. A. Strobel and W. K. Heineman, “Chemical
Instrumentation: A Systematic Approach.” 3rd ed., Wiley, New York, 1989.)
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FIGURE 2.22. Same as in Figure 2.21 but for square voltammetry. (Reproduced with permission
from H. A. Strobel and W. K. Heineman, “Chemical Instrumentation: A Systematic Approach.”
Third Edition, John Wiley and Sons, New York, 1989.)

For a potential sweep experiment (e.g. voltammetry), the current is given by

I=C, + [( - vC,) 2 (249)

where E, is the initial potential. The second term on the right-hand side is the
transient part, which dies away with a time constant, t.
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Equations (2.48) and (2.49) pertain only to the capacitive component (I ) of
the total current. The latter is the sum of its Faradaic and capacitive components:

I=1L+1, (2.50)
The time dependence of I, to a step potential is given by the Cottrell equation:

_nFAD"C

I
n}/z t}/z

(2.51)

Comparison of Egs. (2.43) and (2.49) and Egs. (2.48) and (2.51) shows
why potential-sweep techniques such as cyclic voltammetry have poor analytical
sensitivity, and time-resolved methods such as pulse voltammetry improve
the analytical sensitivity. Specifically, Eq. (2.43) shows that I, o v"/% On the
other hand, I, o v (Eq. (2.49)). Thus, at very low analyte concentrations and
relatively high scan rates, I, will swamp the influence of I, to the total current.
By the same token, I  oce*/*and I, o t'/% Thus, the Faradaic component persists
at times longer than the capacitive current. If the current is sampled at a later
time in the potential pulse, the ratio I./I , can be enhanced, and thereby the
analytical sensitivity can be improved. This is the rationale behind pulse
voltammetry methods.

A variety of pulse waveforms and timing /current sampling patterns have
been devised; a few of these are illustrated in Figure 2.17. The two important
pulse voltammetry methods are differential pulse voltammetry and square-wave
voltammetry. Figures 2.21 and 2.22 illustrate the excitation signals, the current
responses, and the voltammograms for the two techniques, respectively. With
these innovations, detection limits in the range 107 — 10 M are easily achieved,
compared with 10° M typical of cyclic voltammetry.

Stripping Voltammetry. This has the lowest detection limit (~10%° M) of
the commonly used electroanalytical techniques. Stripping voltammetry
consists of two steps. In the first, the analyte is deposited at the electrode by
controlled-potential electrolysis. This step preconcentrates the analyte. In the
second step, the deposited analyte is “stripped” from the electrode by an
appropriate potential scan. The resulting current signal is used to quantify the
analyte. Any of a number of pulse voltammetry routines can be used for the
stripping step. If the stripping is done anodically, the technique is called anodic
stripping voltammetry (ASV). An example of this approach is the determination
of metal ions at a hanging mercury drop electrode (HMDE) (Figure 2.23).

An alternative approach involves the deposition of anions at a mercury
surface in the form of an insoluble mercury salt:

2Hg + 2X 2 HgX, + 2e (2.52)
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FIGURE 2.23. Excitation signal (a), sampled dc polarogram (b), and differential pulse anodic
stripping voltammogram (c) for an analyte containing both lead and cadmium. The influence of
choice of the deposition potential, A-C, on the DPASV response is also shown. (Reproduced with
permission from W. M. Peterson and R. V. Wong, Am. Lab, November 1981.)

A negative potential scan (i.e., a cathodic scan) is then initiated for the strip-
ping step, and the resultant cathodic current may be used for analyte quantifi-
cation. This approach is called cathodic stripping voltammetry (CSV).

Several innovations in this area must be mentioned. First, the concerns
with the use of Hg coupled with its anodic instability have prompted the search
for alternative electrodes for stripping voltammetry. These include the use of
solid electrodes such as graphite or glassy carbon. In some cases, these elec-
trodes are also chemically modified with a polymeric film. Second, the
preconcentration step has utilized analyte adsorption instead of deposition. This
has extended the range of analytes that can be detected via stripping
voltammetry. Third, the electrodes and the measurement system have been
miniaturized and made user-friendly for routine, on-field, and portable use.
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Fourth, to further improve the analytical sensitivity, and to avoid the problem
of capacitive current flow altogether, the quantification step has utilized poten-
tial rather than current measurement. This approach is called potentiometric
stripping analysis (PSA).2

In view of the importance of stripping analysis to environmental assay
and speciation, we shall defer further details to Chapter 4.

We conclude Section 2.6 by noting that all electroanalytical techniques
employ an excess of supporting electrolyte in the measurement medium. In many
cases, especially in the analysis of real-world samples in environmental
scenarios, the water samples may already contain an abundance of natural
electrolytes in addition to the analyte. The electrolyte serves two important
functions: (a) it improves the electrical (i.e., ionic) conductivity of the medium
and thus minimizes undesirable IR drops, and (b) the electrolyte ions bear the
burden of transporting charge via migration between the working and
counterelectrodes in the electrochemical cell. Thus the usually small amount
of analyte that is present in the cell moves primarily via diffusion (and in some
cases, via convection) in the electrolytic medium. This condition ensures the
applicability of diffusion models that underpin the development of Eqs. (2.43)
and (2.51).

2.7. ELECTROLYSIS AND ELECTRODEPOSITION

Bulk electrolysis is a versatile route to the electrochemical treatment of
pollutants and shall be discussed in Chapter 5. A related approach, which is
especially suited to the removal of metal ion pollutants from effluents and
process streams, is electrodeposition, where these ions are “plated out” onto a
support electrode structure for subsequent recycling or disposal. We have also
seen the usefulness of electrodeposition as a preconcentrating technique for
trace-level analyses in the preceding section. In this section, we shall briefly
consider some aspects of the fundamentals of bulk electrolytic/electrodeposition
procedures.

Bulk (or exhaustive) electrolytic procedures (unlike the assay methods
considered in Section 2.6) are characterized by large electrode area/cell volume
cell conditions and as effective mass transfer conditions as possible. Therefore,
the use of wire gauzes, foils, packed beds of powders, slurries, or fluidized
beds as electrodes, rotating electrodes, and solution stirring is common. Proper
orientation of the counterelectrode is also critical for providing a uniform
current density across the working electrode surface. High cell resistances are
very deleterious because large values of PR mean wasted power and undesirable
heat generation in the cell. Finally, the use of separators that do not allow
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intermixing of anolyte and catholyte during the electrolysis procedure, and yet
do not contribute appreciably to the cell resistance, is of paramount importance.

Consider the deposition of a solid product (e.g., Cu) from its solution precursor,
O (e.g., Cu*):

O + ne g R(solid) (2.53)

When several monolayers of R are deposited on an inert electrode or an electrode
made of R (Cu), the activity of R, a,, is constant and equal to 1 at the completion
of electrolysis. Hence, the Nernst equation takes the form

o RT
E=E+ 35 In[y,Cy(1-x)] (2.54)

where C, is the initial concentration of O, and x is the fraction of O reduced to R.

For less than one monolayer coverage, a, #1, and it can be assumed that a,
is proportional to the fractional coverage of the deposit on the electrode
surface, 6:

_ Ar _ VimrAs
T =

where A, is the area occupied by R, A, is the cross-sectional area of a molecule
of R (cm?), and n, is the number of molecules of the deposit. At equilibrium,

n, = V.CoN, (2.56)

where V_is the solution volume and N, is the Avogadro number. Combining
Egs. (2.54) - (2.56),

=p+ Ry rA | RT ]_n(l_xJ (2.57)
nF YrNa V. A, nF X

Figure 2.24 contains a plot of x vs. the potential E referred to E* (E - E¥). The
deposition begins at potentials more positive than values wherein deposition of
bulk R ensues. This process is termed underpotential deposition (UPD). The
preceding (simplified) treatment ignores several complications: (a) The
deposition potential often depends on the nature of the support electrode
material and pretreatment. (b) The deposition also is affected by any adsorption
of O at the electrode surface. (c) We have assumed that growth of the second
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FIGURE2.24. Fraction of ametal M (e.g., Ag) deposited (x) as a function of potential. Curve a: 1M
Ag*on Ag. Curve b: 107M Ag* on Ag. Curve c: 107 M Ag* on Pt. ( Reproduced with permission
from A.]. Bard and L.R. Faulkner, “Electrochemical Methods.” Wiley, New York, 1980.)

layer does not start until the monolayer is completely formed; however, this
is frequently not the case. There is often a tendency for agglomeration and dendrite
formation. (d) Nucleation and growth phenomena are of variant types, and
reviews of the thermodynamics and kinetics underlying the formation of new
phases at electrode surfaces are available.’

Nonetheless, the simple treatment can be extended to the case of multimetal
deposition from a solution phase. Consider the quantitative separation of two
metals, M, and M,. For 99.9% completeness of deposition of O, Eq. (2.55) becomes

E =E"+

0.059 (0.001)115” 0.18

n °8\0.999 T (2.58)

Thus, nearly complete deposition of M, will occur when the potential is more
negative than ~0.18/n, V of E,”. Similarly, very little deposition of M, will
occur at a potential ~0.18/n, V positive of E,”. Therefore, the separation be-
tween the two formal potentials must be at least 0.18 (n, + n, ) for reasonably
complete separation of the two metals M, and M,. Often, however, the deposition
potentials may be judiciously shifted via metal ion complexation.
Complexation reduces the free metal ion activity in the solution phase, and
thus shifts the deposition to more negative potentials relative to the
uncomplexed metal ion case.*
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Mercury cathodes were used for classical electroseparation procedures. For
environmental applications, however, a variety of other electrode material
choices exist, including reticulated vitreous carbon (RVC), carbon foams, and
various forms of graphite. Other (solid) electrode material candidates are
discussed in Chapters 4 and 5.

2.8. MASS TRANSPORT UNDER FORCED CONVECTION IN AN
ELECTROCHEMICAL CELL

Since the goal in many industrial processes and electroanalytical proce-
dures is to maximize the supply of electroactive species to the electrode sur-
face, the solution is most often under forced convection. This is done ei-
ther by maintaining solution flow within the electrochemical cell or by using
electrode rotation. Since the concentration of the electroactive species in the
cell will be changing due to the electrolytic reaction, concentration gradients
will give rise to diffusive processes. Assuming that there is enough supporting
electrolyte to minimize the migration of electroactive species, these systems
will be under diffusion—convection and this combined mode of mass transport
is termed convective diffusion.

At the electrode surface, the liquid will have a zero flow velocity (perpendicular
to the surface), 1, and this velocity will increase with distance to reach a limiting
value, u. The velocity profile is shown in Figure 2.25. Likewise, a tangent
drawn at the onset of the curve will cross a line with the maximum value of u
(i-e., u) at a distance called the thickness of the hydrodynamic layer, 8, (also called
the Prandtl layer). Diffusion toward the electrode will gradually decrease the
concentration from C to C, (x = 0); this will occur within the Nernst diffusion
layer, where 6, < 8. In addition, this forced convection creates a steady-state
distribution of C, within the Nernst diffusion layer and so the expression for
the rate of change of concentration here is given by

3t o Jua L ot (2.59)

(The different sign accounts for the different direction of the flux induced by
each mechanism.) In three dimensions this can be written as

aC ? 9% 9?7 d d d
'EtQ:O:DO(?-FW*—?]CO—(uxg-f-uyg*-uz';ijco (260)
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FIGURE 2.25. The velocity and concentration profiles at an electrode/electrolyte interface
showing the Nernst diffusion layer (8) and the Prandtl hydrodynamic layer (3,). (Adapted from
J. Wang, “Analytical Electrochemistry.” VCH, New York, 1994.)

where x, y and z are the normal Cartesian coordinates and u,u
flow velocities corresponding to these coordinates.

The relationship between the velocity of a viscous liquid and the forces
acting upon it (forced and natural convection, and viscosity forces due to
internal friction) is given by the Navier—Stokes equation. If the viscosity forces
are considered dominant, this equation can be written in its simplified form:

d d d
I:(ux ﬁ) + (uy W] + (uz b?ﬂuu = (;:j—L‘JVZMH (261)

where X, Y and Z are the Cartesian coordinates x, y and z divided by a
characteristic length for the specific geometry analyzed, L; u _ stands for each
velocity component (u = x, y or z) divided by a characteristic velocity within
the Prandtl layer, u ; v is the kinematic viscosity of the liquid (v =m/p, wheren
is the viscosity and p is the liquid density); and V?is the Laplace operator

2% 32 32

% T g + g] . ‘Assuming that the continuity equation for incompressible

and u_are the
v z

fluids holds,

div @ =0 (2.62)
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The last three differential equations define the system in terms of convective
mass transport; their analytical solution can be written as a relationship
between dimensionless numbers. Therefore, any mass transport process is
determined by its velocity, viscosity, diffusion coefficient, mass-transfer coefficient,
and characteristic length and can be concisely described in terms of dimensionless
numbers (%) as follows:

n=f(LkD,v,u (2.63)

where the exponents must be such that © is dimensionless. The following
equation fulfills this condition:

a b ~(b+c)
(s

where g, b and c are characteristic exponents for each cell arrangement and the
groupings in parentheses correspond to the following definitions of dimensionless
numbers that simplify the number of variables to be handled for relating the
geometry and hydrodynamics of the system to the process parameters.

kL
(1) Sherwood number = Sh = (—g—) This gives the ratio between effec-
tive mass transport and mass transport by diffusion. It can also be defined as

]uUL
D[c* —¢(x=0)

] = Sh, where |  is the average value of the material flux or

mass transfer rate.
(2) Reynolds number = Re = (ﬂj This gives the ratio between the inertia
v

and friction forces and characterizes the type of flow of the liquid: small Re
values indicate laminar flow, whereas large Re indicates turbulent flow. The
boundary value between these regimes depends on the characteristics of each
system. For example, in a system comprising a stationary plate electrode in a
flowing solution, the boundary value of Re is ~ 1.5 x 10°. The thickness of the
Prandtl layer is related to Re by

8, ~ L Rel? (2.65)

(3) Schmidt number = Sc = % It gives the ratio between momentum
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transport and mass transport by diffusion; that is, it compares the rates of
transport by convection and diffusion. Its inverse is proportional to the Nernst
diffusion layer width:

Sy =— (2.65a)

Sc is sometimes called the Prandtl number (see earlier).

(4) Peclet number = Pe = Sc Re = (L)(ﬁ) = (u_L_) (2.65b)
DA v D
3
(5) Grasshof number = Gr = _8# (g = gravitational acceleration,
vep
p = density, Ap = density difference between phases). (2.65¢)

Table 2.3 lists the Sh values for some electrochemical cell configurations of
importance to pollutant treatment scenarios. These empirical correlations are
most often experimentally determined. Consider a packed-bed electrode flow
reactor design. The current density (or applied potential) can be increased
until a constant concentration profile is established for the reactant across the
bed. With mass transfer control and plug flow in the bed, the following
relation is applicable:

C/C,_ = exp(-Ak, L/u) (2.66)

where A, is the volumetric surface area (m*/m?®), L is the height (at which the
reactant concentration is C), and u is the linear flow velocity of the fluid (m s).
By monitoring the ratio C/C,_ at various L, a semi-log plot can be constructed,
the slope of which yields k . Thus, the parameter, Sh (= k  L/D) canbe computed
for the specific reactor geometry and flow conditions. Since the correlations in
Table 2.3 can be expressed as

Sh = (Constant) Sc*Re?

a log — log plot of the ratio Sh/Sc* vs. Re yields the exponent, y. The Schmidt
number, Sc, is approximately constant for most dilute waste waters. The value
of the exponent x is therefore of less practical interest and is usually taken to be
1/3 (Table 2.3).

The reader is referred to additional references listed at the end of this chap-
ter for further details on solution hydrodynamics in electrochemical cells.
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Table 2.3. The Average Sherwood Number for Some Electrode Configurations

Electrode configuration

Average Sh numbers

Rotating disk electrode

Laminar flow over a flat plate

Parallel plates

Tubular electrodes

Packed bed

Fluidized bed

Rotating cylinder electrode
Rotating concentric cylinders

Vertical flat plate
(free convection)

Sh = 0.01 Sc'/® Re%¥
(turbulent flow)

Sh = 0.62 Sc'/® Re!/?
(laminar flow)

Sh = 0.646 Sc'/? Rel/2

Sh = 0.023 Sc'/? Re?/s
(turbulent flow)

Sh = 1.85Sc'* Re'”* (d /L)"/*
(laminar flow)

Sh = 0.023 Sc'/ Re'/®

Sh = 0.32 Sc!”* Re?”*
(for 100 < Re < 10,000)

Sh = 0.29 Sc!/? Re®/4
(for 100 < Re < 5,000)

Sh = 0.079 Sc33 Re*?
Sh = 0.0791 Sc**4(d, /d,)*7° Re”®
Sh = 0.66 (Sc Gr)!/*

(for 10* < ScGr < 10%3)

Sh =0.31 (Sc Gr)°#
(for ScGr > 10'?)

Notes: d, = hydraulic diameter, L = length of plate, 4 r = diameter of inner cylinder, 4, = diameter
of the cylinder with the limiting current.

2.9. ELECTROCHEMICAL REACTOR DESIGN

Electrochemical cells vary widely in design depending upon the specific
needs for a given process. Their shape, mode of operation, mode of electrolyte
tlow, temperature control, number of electrodes, type of electrical connections,
degree of separation between anolyte and catholyte, and electrode structure
and movement are the main variations. The decision of which cell to use will
necessarily involve chemical, economic, engineering, technological, safety, and
environmental criteria (Table 2.4).
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Usually, only one of the two reactions occurring in a cell is of interest; the
following discussion assumes this to be the case. If both reactions are important,
the reactor design might be somewhat more complicated. Likewise, if the
product of the electron transfer at one electrode is capable of somehow affecting
the electrochemistry at the other electrode, a separator (ion-selective membrane,
felt, porous frit, etc.) would normally be included in the cell design. In
addition, the process conditions may be such that a (deleterious) side reaction
can occur at the site of the reaction of interest. Here, a judicious selection of the
solution conditions as well as the electrode materials and applied voltage can
normally lead to the minimization or even the disappearance of the side reaction.
For example, dimensionally stable anodes (DSA) are used to facilitate the evo-
lution of chlorine at the expense of O, during the electrolysis of a NaCl solu-
tion.

An electrochemical reactor can be classified according to its mode of
operation as batch reactor (SBR), plug flow reactor (PFR), or continuous stirred
tank reactor (CSTR). Corresponding models as well as some composite schemes
are depicted in Figures 2.26 and 2.27. By using the appropriate reaction rate
equation in conjunction with that for the current under mass-transport control,
the equations that govern the design of electrochemical reactors as a function
of the corresponding fractional conversions can be obtained (x = fraction of the
initial amount that has been transformed at time t). These are shown in Table
2.5 for some relatively simple reactor designs and in the absence of complications
associated with, for example: gas evolution, nonlimiting current flow, side
reactions, or homogeneous chemical reactions.

Table 2.4. Important Decisions on Design Features in Electrochemical Reactors

Batch Mode of operation Continuous
Single Number of electrode pairs Multiple
Two-dimensional Electrode geometry Three-dimensional
Static Electrode motion Moving
Monopolar Electrode connections Bipolar
Moderate Interelectrode gap Capillary
External Electrolyte manifolding Internal
Undivided Cell division Divided
Open Reactor sealing Closed

Single No. of electrolyte phases Multiple
Liquid Type of electrolyte Solid polymer

Source: F. C. Walsh and G. Reade, Analyst (London), 119, 794 (1994).
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FIGURE 2.26. Schematic diagrams of single batch (a), plug flow (b), and continuous stirred tank
() electrochemical reactors. (Source: F. Coeuret, “Introduccion a la Ingenieria Electroquimica.”
Reverte, Barcelona, 1992.)
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Figure 2.27. Plug flow and continuous stirred tank electrochemical reactors in cascade. Complex
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(2) may be just a connector or else a stirred batch-type reactor (SBR) without electrodes. (Adapted
from D.J. Pickett, “Electrochemical Reactor Design.” Elsevier, Amsterdam, 1977.)



108 Chapter 2

Table 2.5. Expressions for the Fractional Conversion for the Three Major Types of
Electrochemical Reactor Designs

Expression Comments

SBR

xSBR =1- exp[(—k,,,A / Ve ) t] Reactor is loaded and then stirred for

a given time, during which the reac-
tion occurs to a certain extent

PFR
PR exp[(—kmA / YV )’!‘R] Single pass
x FIRE 1-exp [-x PFR(t / T, )] With batch recirculation
-nk_A
xFFRC =1 - exp ) PFR in cascade
CSTR
k. A
xSMR=1-[1+ . ] Single pass
\Y
=1 exp [—x o (t /T, )] With batch recirculation
n -1
CSTR,C kA
=1-]1+ 0 CSTR in cascade
Notes: V= reactor volume, k = mass transfer coefficient, 1, =average residence time, 7, = aver-
age residence time in the recirculation tank, n=cascade reactor number, ¥ = volumetric

flow rate.

Source:  F. Walsh, “A First Course in Electrochemical Engineering.” The Electrochemical
Consultancy, Great Britain, 1993.
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Table 2.4 summarizes the important decisions regarding the design features in
electrochemical reactors.” A few of these are elaborated here:

ey

2

&)

)

©)

Type of electrical connections: Multiple cells can be connected in a
monopolar or bipolar configuration, as depicted in Figure 2.28.
Monopolar configuration. Cells are connected in parallel and therefore
have the same potential difference across each anode-cathode pair. Each
cell consumes its own current; hence, this configuration requires a low volt-
age source but high current. It has the advantage of low voltages but the
disadvantage of high currents, which translates into high power require-
ments as well as high magnetic fields produced in the workspace.
Bipolar configuration. Cells are externally connected only at the first and
last electrodes in such a way that the other electrodes acquire a polarity
opposite that of the electrode in front of it and a potential corresponding to
a proportional fraction of the overall cell voltage. It has the advantages of
low power requirements, lower magnetic fields, and fewer physical con-
nections (in fact, only two are required). This configuration is used when-
ever possible.

Applied voltage: It must be minimized by decreasing the interelectrode
gap whenever possible, increasing the electrical conductivity of the solu-
tion, minimizing junction potential drops, selecting appropriate
counterelectrode reactions, increasing electrode conductivities, and the like.
Potential and current distribution: These should normally be as homoge-
neous as possible; otherwise, side reactions, current leakages, local heat-
ing, uneven conversions, and such can severely lower the performance of
thereactor. Good potential and current distribution can usually be achieved
by effective electrode design and cell arrangement.

Heat generation and dissipation: Heat can be produced in an electro-
chemical reactor due to the reaction itself, because of ohmic drops (IR terms)
that produce Joule effects and mechanical friction forces from pumps, agi-
tators, electrode movement, and the rest. It can also be brought to the reac-
tor by means of a heat exchanging fluid, which in some cases may be the
same electrolyte. Likewise, heat can be dissipated from the reactor mainly
by conduction across its walls, convection at phase boundaries, heat exchang-
ing fluids (e.g., the electrolyte itself), and solvent evaporation. In addition,
changes in heat capacities of reactants and products must be taken into
consideration for the overall reactor design.

Flow separation: The possibility of undesired reactive mixing of the prod-
ucts of either reaction (cathodic or anodic) with solution components or
with the products of the reaction at the other electrode, as well as the pos-
sibility of having a product from one electrode reaction undergo the oppo-
site process at the other electrode, warrant the need of a separator. This is
also the case where migration effects across a membrane with ion exchange
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FIGURE 2.28. Electrochemical reactors featuring monopolar (a) or bipolar (b and c) connections.
(Adapted from D. Pletcher and F. Walsh, “Industrial Electrochemistry.” 2nd ed., Chapman and
Hall, London, 1990.)
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properties are used to split a salt or to desalt a fluid. Physical separators
primarily prevent convective and diffusive mixing of the two fluid streams,
although if they are coarse (e.g., polymer nets) they act primarily as me-
chanical supports for ion exchange membranes, as turbulence promoters,
and as insulators to prevent electrical short circuits in thin-gap cells. Sepa-
rators are usually made of porous materials, including porous glass, asbes-
tos, quartz, and polymers such as polytetrafluoroethylene (PTFE) and poly-
vinyl chloride (PVC).

Electrolytic cell designs are further classifiable as undivided or divided types,
static three-dimensional electrodes, and moving electrode configurations. A further
discussion of these types of cells is deferred until Chapter 5.

2.9.1. Performance Figures of Merit of an Electrochemical Reactor

A number of quantities may be computed as a concise statement of the
performance of a given electrochemical reactor™ It has been emphasized" that (a)
such quantities must be calculated under realistic operating conditions, (b) the
importance of each quantity must be weighted in the light of process experience and
process objectives, and (c) when comparing reactors, these figures of merit
must pertain to similar operating conditions, particularly with regard to electrolyte
composition, reactor temperature, and the reactant levels in solution.

Consider a solution phase reactant undergoing convective diffusion to a solid
electrode under mass transport control. Then the maximum reaction rate is given by

L
—==k AC* 2.67
zF m (2.67)
where k_is the mass-transport coefficient (m s?). For a given reaction and a
given reactant level, the product k, A must be as large as possible. One strategy
to accomplish this is via the use of three-dimensional electrodes. In this case, the
active electrode area per unit volume

A
A =4
7

(where V_ is the electrode volume) will be high, resulting in a compact reactor
design. A volumetric mass transport coefficient, k_ A, (s) can be defined (see
Eq. (2.67)) as

k A = —L— (2.68)
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for a two-dimensional electrode, V, being the reactor volume, and

kA= KA

—_— 2.69
A ey (2:69)

for a three-dimensional electrode. Therefore, the product k, A, must be
maximized in either case to achieve the highest conversion in the reactor.

Other important figures of merit are listed in tabular form in Table 2.6." In
concluding this section, we note that electrochemical reactor engineering is of
little practical utility unless performed on a reasonable scale. Miniature electrodes
and ill-defined flow conditions do not facilitate effective scale-up exercises. In
this regard, a number of reactor designs and modular cells (incorporating a
variety of electrode materials, separators, and turbulence promoters) have
become commercially available. These are discussed in Chapter 8.

2.9.2. Economic Criteria

Economic criteria normally set the target quantity to be optimized,
assuming this quantity to be the total cost per unit of production. Strategies
have been presented for the optimization of an electrochemical reactor as a
function of current density. This analysis assumes that other factors involved
are already at their optimum (e.g ., thermal energy generation, consumption,
conservation and exchange, construction and electrode materials, corrosion
prevention, reactor geometry, recycling ratio, and the like), and that personnel,
raw materials and utility costs as well as the overall selectivity are independent
of current density.

Figure 2.29 contains a representative plot of the cost as a function of the
current density. The interested reader is referred to the specialized literature
listed at the end of this chapter, for further details.

2.10. ELECTROKINETIC PHENOMENA

Electro-osmotic flow and electrophoresis are important phenomena in
membrane-based electrochemical procedures and in electrokinetic remediation
of contaminated soils. Similarly, electroanalytical methods such as capillary
electrophoresis (CE) are based on these phenomena.

The capacitive property of an electrode/electrolyte junction was discussed
in Section 2.6. The interfacial capacitance is due to an electrical double layer, which
exists at the junction between two dissimilar phases regardless of whether they
are electrically conductive or not. Consider an insulating wall (e.g., capillary
tube, soil) in contact with an electrolyte. The effect of the double layer is
magnified when the wall area is large and the solution volume is small. This is
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Table 2.6. Important Performance Figures of Merit for an Electrochemical Reactor

Figure of merit Expression Comments
N’ =N
Fractional conversion, x x=—"——p The ideal scenario is to have a
(dimensionless) N high conversion per pass at
(SBR) high flow rate
in out
N -N
= N
(PFR or CSTR)
. , NE WgF
Current efficiency or charge === Ideally, should be close to 100%;
Yield, ¢’ Q MQ Values below 100% translate
(dimensionless) not only to wasted power but
also to poor product selectivity
. W eelt
Energy consumption E=—""o0 Must be as small as possible
for electrolysis, E, WR
(J kg!or] m?®)
£ Wea
Ty
. . 1 dN .
Space time yield, pg; Psr . Defines the amount of product
(mol m?s?) Vg dt obtained in a unit reactor vol-

ume per unit time; obviously
must be as high as possible

Notes: N =number of moles of reactant; the superscripts o and  define the initial condition and
the condition at any time, ¢; Q = charge consumed in electrolysis; W, = mass of reactant;
M = its molar mass; W_, = electrolytic power required; V, = reactor volume; V= vol-

ume of electrolyte.
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Figure 2.29. The dependence of cost on current density for an electrochemical process. C; = total
cost, Cp, = electrolytic power cost, Cg, = electric power cost, and C, = investment cost. (Adapted
with permission from D. Pletcher and F.C. Walsh, “Industrial Electrochemistry.” Second Edition,
Chapman and Hall, London, 1990.)

the situation when electrolyte flows through a capillary tube or soil matrix.
Suppose that the wall is negatively charged, and a section of length L is exposed
to the electrolyte. The negative charge density on the wall will be balanced by
an oppositely charged diffuse layer (in the so-called Gouy—Chapman layer) in
the adjacent solution. Thus, there will be an ion cloud whose volumetric charge
density will be high close to the wall but will fall off to near zero within a few
Debye lengths. The bore of the flow channel will be much larger than the
diffuse layer thickness. Hence the distance coordinate, x, directed toward the
axis of the flow channel from the wall, will be effectively infinite from a molecular
dimension perspective.

Figure 2.30 contains a schematic of an electrokinetic system. The flow chan-
nel could be either an interconnected pore in a soil matrix or a silica capillary
tube as in a CE experiment. When an electric field, AE is applied as shown in
Figure 2.30, the solution begins to move. If the solution columns on either side
are balanced such that there is no pressure difference, the phenomena is called
electro-osmotic flow. If this flow is allowed to continue, a pressure will build up
on one side to oppose this flow, much like an osmotic pressure builds up on
one side of a semi-permeable membrane. The volume flow rate, V (m’s?) in
electro-osmotic flow is given by



2.10. Electrokinetic Phenomena 115

@® current or voltage source

—t0

FIGURE 2.30. An electrokinetic system with two reservoirs and a flow channel of length L.
(Reproduced with permission from K. B. Oldham and J. C. Myland, “Fundamentals of Electro-
chemical Science.” Academic Press, San Diego, CA, 1994.)

o AS&
V= In AE (2.70)

where ¢ is the dielectric permitivity (F m?), nj is the fluid viscosity, and & is
known as the electrokinetic or, simply, the zeta potential. If we recall that the
molecular layer in contact with the wall does not move, § defines the potential
at the plane beyond which motion occurs (the so-called slip plane).

The zeta potential is dependent on the electrolyte concentration as well as on
the wall’s charge density. It is also a strong function of pH. In dilute neutral
aqueous solution containing only univalent ions at 25°C, £ is ca. -150 mV at a glass
surface, and about half that value at silica.
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2.11. SEMICONDUCTOR ELECTROCHEMISTRY

Up until now, we have only considered metal (or metal-like) electrodes.
However, the use of a semiconductor as an electrode material brings with it
interesting consequences associated mainly with the property of a semiconductor
(SC) to absorb light of suitable wavelength:

sc 2B o @71)

Where hvis the photon energy, v is the frequency of light, and  is the Planck’s
constant, and E_ is called the optical band-gap of the semiconductor. Equation
(2.60) suggests that irradiation of the electrode causes the production of a
photocurrent, since a current flow after all is related to the separation of charge.

This brings up an important point; namely, we have to implement a means for

separating the optically generated carriers to “collect” a current. Before considering

thls aspect, Eq. (2.71) shows that
Photoexcitation of a semiconductor is a quantized process; that is, only light
of energy exceeding the bandgap is absorbed. (Subbandgap excitation does
occur in some cases but the transition is weak.)

* Two types of electronic carriers, namely, electrons and holes, are produced.
This contrasts with the usual situation in electrochemistry, where only
electrons need be considered.

In an intrinsic semiconductor, the electron and hole densities are equal. For
example, for silicon at 25°C,

n = p, = 1.4x10°cm? (2.72)

This situation is akin to the ionic equilibrium that exists in water in the
absence of an external acid or base. Thermal generation of carriers can be
neglected at temperatures near 25°C because E_ >> kT (k is the Boltzmann
constant). Thus, intrinsic semiconductors are electrical insulators.

Introduction of controlled amounts of impurities into the host material (a
process termed doping) produces an extrinsic semiconductor. These impurities
introduce additional electrons or holes because of ionization and thus perturb the
thermal equilibrium. Again, the situation is analogous to the alteration of pH
because of acid-base ionization. A semiconductor thus doped with a donor impurity
is termed n-type, and that doped with an acceptor impurity is called a p-type
semiconductor. The ionization is almost complete at room temperature (strong
“acid—base” behavior in the electrolytic solution analog) such that the electron (or
hole) density in an n-type (or p-type) semiconductor is approximately equal to the
donor (or acceptor) density. For example, if the amount of donor dopant is ~1 ppm,
the donor density, N, will be ~5 x 10 cm™. The electron density, n will be essentially
the same. Thus, the hole density p is much smaller because of the equilibrium
conditon:
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"~ n: (2.73a)
and
2
p = i (2.73b)
Np

For this particular example, p will be =4,000 cm™ at 25°C. For this reason,
electrons are majority carriers in an n-type semiconductor and holes are termed
minority carriers. The opposite is true for a p-type semiconductor. The doping
process thus makes the material electronically conducting via majority carrier
flow in the dark under a bias potential.

Upon bandgap illumination, the minority carrier population is greatly
enhanced whereas the majority carrier concentration is not significantly perturbed
(in the so-called low-level injection regime). Therefore, we ought to expect a
significant concentration of holes in an irradiated n-type semiconductor. These
optically generated electrons and holes will simply recombine with one
another if they are not separated. Contact of a semiconductor with an electrolyte
fortunately creates a junction that separates the carriers much like what happens
at a metal/semiconductor contact (or a Schottky barrier). To understand how
this occurs, we must consider the band model for a semiconductor.

2.11.1. Band Structure of a Semiconductor and Band Bending at a Semiconductor/
Liquid Junction

Consider the formation of a solid lattice of, say, Si. When the isolated
atoms, comprising filled and vacant orbitals, are assembled into a lattice
containing ~5 x 10% atoms/cm?, new molecular orbitals (MO) form. These orbitals
are so closely spaced that they merge into bands; the filled bonding orbitals
form the valence band (VB) and the unfilled antibonding orbitals form the
conduction band (CB). Figure 2.31 illustrates the situation. The optical bandgap,
E_in the preceding section, separates VB and CB, respectively. In a
photoresponsive molecular system, light absorption entails the excitation of an
electron from a highest-occupied MO (HOMO) to a lowest-occupied MO (LUMO).
In the solid-state semiconductor counterpart, this process results in electron
excitation from the VB to the CB, leaving a hole behind in the VB (see Eq. (2.72)).

The other important concept in semiconductor electrochemistry is the Fermi
level, E,. This is defined (strictly at 0 K) as that energy where the probability of
a level being occupied is 1/2. For an intrinsic semiconductor (at 25°C), E, lies
approximately midway between the VB and CB. For a doped semiconductor,
the position of E_ depends on N, or N,. For moderately doped semiconductors
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FIGURE 2.31. Formation of energy bands from discrete states for silicon. The electron energy is
shown as a function of a distance coordinate, with the equilibrium separation given by 4, E is the
energy bandgap of the resultant semiconductor. (Adapted from: W. Shockley, “Electrons and Holes
in Semiconductors.” Van Nostrand, New York, 1950.)

(N, N, >107 cm®), E_ lies slightly (within a few kT) below the CB edge or just
above the VB edge for an n-type or a p-type semiconductor respectively.

For the solution phase, the Fermi level is defined as E*."? Now consider
what happens when an n-type semiconductor contacts a solution containing a
redox couple whose formal potential is E” (Figure 2.32a). Clearly, we have a
nonequilibrium situation and electrons will have to flow from the semiconductor
to the solution contact until the Fermi levels equalize. We thus have band bend-
ing at the electrode/solution interface (Figure 2.32b). This band bending serves
the useful electrostatic role of separating the optically generated electron-hole pairs at
the interface, much like what happens at a metal/semiconductor contact.

Figure 2.32b importantly illustrates that a space-charge layer of a few A width
exists within the semiconductor. This contrasts with a metal electrode whose
conductivity and carrier concentration are such that no layer can be sup-
ported within it, and most of the voltage is dropped across the solution side
(the so-called Helmholtz layer) of the metal/electrolyte junction. On the other
hand, a space-charge layer capacitance can actually be measured for a semi-
conductor/electrolyte junction.

Figure 2.32c shows that when light of energy, hv > E_is incident on the
semiconductor, e—h* pairs are created (see Eq. (2.71)). A few of these recombine,
but some are driven in opposite directions by the built-in electric field. Thus,
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FIGURE 2.32. Contact of an n-type semiconductor with an electrolyte (with redox potential E*)
(a) gives rise to band bending at the resulting interface (b). Irradiation of this interface with pho-
tons of energy greater than E, gives rise to a photovoltage, V,, and oxidation of R to O by the
photogenerated holes (c).

the electrons can be collected at the rear (ochmic) contact of the semiconductor
electrode, and the holes flow to the semiconductor surface, where they are
available for oxidation of the reduced half (R) of the solution redox couple.
The net result is the flow of a photocurrent.
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Different types of photoelectrochemical cells can be constructed based on these

principles®:
* Liquidjunction photovoltaic cells: If a reversible redox couple, O/R is
used in the electrolyte, a photoelectrochemical cell can be constructed
with an n-type semiconductor photoanode and a metal cathode (or, alterna-
tively, an n-type photoanode and a p-type photocathode) such that R is
oxidized at the irradiated photoanode, and it is reduced back at the cathode
(or the irradiated photocathode). Thus, there is no chemical change in the
cell, and the device can be used much like a solid-state photovoltaic solar
cell to produce electric power at an external load. Figure 2.33a contains a
schematic of such a device.
* Photoelectrosynthetic cells: In this case, the reaction at the
counterelectrode is different than that at the semiconductor, and the net
cell reaction is driven by light in the nonspontaneous direction (AG > 0)
(Figure 2.33b). In this device, the radiant energy is stored as chemical
energy. The photoelectrolysis of water and the photoreduction of CO, (an
important environmental system) are examples of reactions involving this
strategy.
* Photocatalytic cells: These are similar to the photoelectrosynthetic devices
except that the relative locations of the potentials of the O/R and O’/R’ couples
are changed (Figure 2.33c). In this case, the reaction is driven in the spontaneous
direction (which is presumably very slow in the dark) (AG <0). The light energy
is used here to overcome the activation energy for the chemical reaction.
We shall have opportunities for discussing photoelectrosynthetic and

photocatalytic reactions in much more detail later in this book.

2.12. PHOTOEMISSION AT METAL ELECTRODES

Under certain circumstances, a metal electrode will emit electrons on
suitable irradiation. This arises from the photoelectric effect. Thus, when the
work function of the metal electrode is exceeded by the incident light energy,
electrons will be ejected from the metal phase. Unlike the situation in a vacuum,
however, the energy requirements for this process are ameliorated by the energy
gained via solvation of the electron when the metal contacts water. These
solvated electrons, (e, ) are highly reactive, and produce interesting chemistry
when scavengers are available to interact with them. For example, N,O is one
such scavenger 1>:

€q * HO + NJO - N, + OH + *OH (2.74)
In acidic media, e;q also generate H":

HO' + eg - H + HO (2.75)
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FIGURE 2.33. Schematic representation of different types of photoelectrochemical cells using an
n-type semiconductor. (Reproduced with permission from A.]. Bard and L.R. Faulkner, “Electro-
chemical Methods.” Wiley, New York, 1980.)
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Species such as e, H* and "OH have interesting redox behavior and, more
important in terms of relevance to this book, are very reactive toward a variety
of pollutants. Thus, we shall return to their electrochemistry and photoelec-
trochemistry in Chapters 5-7 of this book.

2.13. INSTRUMENTATION

An important technological advantage with electrochemical pollution abate-
ment is the relative simplicity and low cost of equipment. Electronic circuitry
for controlling and measuring voltage, current, or charge is relatively easy to
assemble both in the analog and digital domains. Either constant current or
constant potential procedures may be used for bulk electrolytic treatment of
pollutants. In either case, provision must be made to ensure low IR voltage
drops, and to facilitate efficient heat dissipation in the electrochemical system,
especially since plant-scale processes may involve currents and voltages of sev-
eral amperes or volts, respectively.

On a laboratory scale, a potentiostat/galvanostat is used for controlling the
potential or current in an electrochemical cell. Additionally, a programmer
and/or a timing circuit is used in voltammetry for ramping the electrode po-
tential (cyclic and linear sweep voltammetry) or for stepping the potential to
the desired limit, where a voltage pulse is superimposed and the current re-
sponse is sampled at appropriate time intervals (Figure 2.17). The advent of
computer-controlled instrumentation has made electroanalysis reliable and user-
friendly.

Photoelectrochemical experiments or remediation procedures additionally
require suitable light sources and wavelength isolation devices. These include
broad-band gas-discharge sources such as Hg or Xe arc lamps (for the UV re-
gion), and black-body emission lamps such as the W-halogen system (for the
visible range). For isolating a narrow band of wave lengths, either a filter or a
monochromator may be employed. Monochromatic sources such as lasers are
useful for laboratory experiments, but may be prohibitively expensive for rou-
tine, large-scale use. Finally, outdoor experiments may be designed to utilize
sunlight as the semiconductor excitation source.

Various forms of radiometers or light meters are commercially available
for measuring the incident light intensity (usually in units of W/m?). A diffi-
culty in quantifying this parameter is that associated with the estimation of the
amount of light lost via scattering at the cell wall, at the electrode /photocatalyst
surface, and via electrolyte absorption. Usually, the quoted light intensity is
not corrected for these spurious effects.

A lock-in amplifier (LIA) is useful in photoelectrochemical experiments,
where the photocurrent is small, and the signal/noise ratio is consequently
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high. This device is used in conjunction with a light chopper, which provides
a reference (carrier) signal for the LIA. Alternatively, the LIA can also be used
for measurement of the interfacial electrode/solution capacitance. A small-
amplitude (nominally 10 mV peak/peak) AC source provides the reference
signal in this case, and the LIA measures the in-phase and out-of-phase com-
ponents of the cell impedance as a function of the AC source frequency and the
electrode potential, the latter being controlled via a potentiostat.

2.14. SUMMARY

In this chapter, basic concepts in electrochemistry and photoelectrochem-
istry have been reviewed. They will serve as building-blocks for the material
that appears in later sections of this book, particularily in Chapters 4-6. In the
next chapter, we examine the electrochemical behavior of classes of organic
and inorganic environmental pollutants.
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3.1. INTRODUCTION

In this chapter, we briefly examine what is known about the electrochemical
behavior of organic, inorganic, and organometallic pollutants (Table 1.3).
This review will form the framework within the context of which specific
pollutant assay and cleanup procedures are discussed in Chapters 4-6 in
this book.

The concept of oxidation number or oxidation state is useful in the
discussion of redox reactions. It is defined as the charge that a bonded atom
would have if the electrons in each bond were given to the more electronegative
atom. In the water molecule, for example, the bond electrons are assigned to
oxygen, it being the more electronegative element. The oxidation number of
oxygen and each hydrogen then becomes -2 and +1, respectively, and the total
adds up to zero for the neutral molecule. Note that the oxidation number or
state for a given atom is shown with a sign preceding the number, unlike the
corresponding charge designation for an ion,which has the opposite sequence;
that is, a number followed by the sign (e.g., O and H* for oxide anions and
protons, respectively).

The principal oxidation states are contained in Figure 3.1 for some
environmentally relevant elements. Some general trends appear. The oxidation
numbers of main group elements do not exceed the group number. Sulfur, a
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FIGURE3.1. Periodic Table showing the oxidation states of environmentally important

elements. The radioactive elements are not shown.

Group 6 element, has +6 as its highest oxidation state. Metals have only posi-

tive oxidation states but nonmetals can have both positive and negative states.

The lowest (most negative) oxidation state for a nonmetal is 8 (the octet popu-
lation) minus the group number. Thus, carbon, a Group 4 element, has -4 as its
lowest oxidation state.

An oxidation reaction results in an increase of the oxidation number; a

reduction causes a decrease. With the oxidation number concept, the path of a
redox reaction may be readily identified even for organic substances whose
redox behavior often is not as transparent as for example, metallic systems.
The redox transformation of a hydrocarbon to CO, illustrates this point. Con-
sider the redox progression of methane:

hydrocarbon

CH,

4

alcohol

—> CH;0OH —>

2

aldehyde
HCHO —> HCOOH — CO,

0

ac

+2

id

+4
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The oxidation number of carbon is shown in each case and clearly illustrates
the oxidation of each compound, leading finally to CO,. Contrast this example
with the oxidation of iron:

Fe(s) —2&» Fe?*(aq) —S—» Fe’*(aq)

To keep this chapter to a manageable size, discretion had to be exercised as
to what data could be included for each category of pollutants. The reader
interested in any one particular category may wish to delve into the special-
ized literature provided at the end of the chapter for a fuller discussion. In this
regard, the material in this chapter is nof meant to be a compendium of all the
electrochemical information that exists on each of the elements and compounds
reviewed in it.

3.2. ELECTROCHEMISTRY OF ORGANIC POLLUTANTS
3.2.1. General Considerations

The electrochemistry of organic substances is invariably associated with a
chemical reaction preceding or subsequent to the electron transfer step. Con-
sider the generic electrochemical reaction:

O +ne 2R

In many cases, O may not be present initially but may be produced from an-
other, nonelectroactive species. A case in point is the electrochemical reduc-
tion of formaldehyde in aqueous media. Formaldehyde exists as a nonreducible
hydrated form, HyC(OH),, in equilibrium with the reducible H,C=0 form:

Hzc(OH)Z ﬁ H2C=O + Hzo (3.1)

The equilibrium constant favors the hydrated form. Thus Reaction 3.1 pre-
cedes the electrochemical step, and under some conditions, the measured cur-
rent will be governed by the kinetics of this reaction (yielding a so-called ki-
netic current).

In other cases, R may react with the solvent or supporting electrolyte to
yield new species, which may or may not be electroactive. The electrochemical
oxidation of organics to yield radical cations (which subsequently undergo ho-
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Table 3.1. Mechanistic Schemes for Electrode Processes Coupled With
Homogeneous Reactions

Scheme Reactions Comments

C,E, Y20 Chemical reaction preceding reversible
O+neg@R electrode reaction

C,E; Yo Chemical reaction preceding irreversible
O+ ne -R electrode reaction

EC, O+ne2R Reversible chemical reaction follows the
RY electrode process

EC; O+neZ@R Irreversible chemical reaction follows
R-oY the electrode process

E.Cy; O +ne2R The coupled reaction is a dimerization
2R - X process

EC; O+ne 2R The coupled reaction regenerates the
R-0 reactant

ECE, O, + nje 2 R, The chemical reaction is interspersed
Ri - 0O between two reversible
O, + me 2R, electrode processes

Note: Other variants are possible and are denoted by appropriate subscripts. For example, a
quasi-reversible charge transfer is denoted by the symbol, E;. Other mechanistic subtleties such
as the DISP mechanism, where the second electron transfer in an EC scheme occurs in solution,
are not considered here nor are schemes such as ECE’, where the reduction of O, takes place at
more negative potentials than O, (i.e., E0; > E0,).

mogeneous chemistry) falls into this category. Table 3.1 contains a summary of
mechanistic possibilities where electrode reactions are coupled with homoge-
neous chemical reactions. A classification of the possible reaction schemes is
facilitated by using letters to signify the nature of the step. Thus E stands for a
simple electronic transfer step to or from the electrode surface. C stands for a
homogeneous chemical reaction. C’ denotes a catalytic step. O and R repre-
sent electroactive chemical species in the solution. Finally, X and Y represent
chemical species in the solution that are nonelectroactive within the potential range
of interest and under the experimental conditions.

The effect that a perturbing chemical reaction will have on the measured pa-
rameters of the electrode reaction depends on the time window of the experi-
ment or process. This can vary widely, as Table 3.2 shows. The advent of ultra-
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Table 3.2. Characteristic Time Windows for Electrochemical Measurements
and Processes

Technique Time Window (s)
AC polarography 2x104-01
Rotating disk electrode voltammetry 103-0.3
Chronopotentiometry

10-3 - 50
Chronoamperometry
Cyclic or linear scan voltammetry # 104 -1
DC polarography 1-5
Coulometry

100 - 3,000

Macroscale electrolysis

@ Will depend on potential scan rate. Scan rates up to 106 V /s have been reported for
ultramicroelectrodes; the time window in these instances will be in the ps domain. (Adapted
from A.]. Bard and L.R. Faulkner, “Electrochemical Methods.” Wiley, New York, 1980.)

microelectrodes (i.e., electrodes of pm dimensions, Chapter 4) has shrunk the time
window to the millisecond or even microsecond domain. Under these condi-
tions, many electrode processes with coupled chemical reactions of moderate
kinetic facility are only mildly perturbed by the latter. On the other hand, in
macroscale electrolysis, organic electrochemistry seldom if ever involves “clean”
electron transfer with no coupled chemical reactions.

Organic substances can undergo electron transfer in a variety of circum-
stances and media. The main factors that determine their electrochemical behav-
ior are the nature of the electroactive group in the organic molecule, the nature
of the solvent and the supporting electrolyte, the electrode material, the applied
potential, and the temperature.

An electron added during reduction usually goes to an antibonding or-
bital, and the resulting highly reactive anionic species can undergo a variety of
reactions, including conformational rearrangement. Likewise, an electron re-
moved from a bonding orbital during oxidation leads to the formation of a
cation radical, which will usually undergo dimerization, bond cleavage, nu-
cleophilic attack or rearrangement. Some general trends appear for the elec-
trochemical reduction and oxidation of organic compounds, which are now
discussed in turn. The discussion here largely follows the treatment in the
book by Lund and Baizer.
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E—-R—-R-E

FIGURE3.2. Mechanistic scheme for the electroreduction of an organic compound, denoted by R.
E+is an electrophile. (Source: J.M.Costa, “Fundamentos de Electrodica.” Alhambra Universidad,
Madrid, 1981.)

Reduction. Figure 3.2 contains a generic scheme for the reductive con-
version exemplified by R going to RE,. In this scheme, E* is an electro-
philic species (e.g., H*). In addition, other homogeneous reactions may
also occur; perhaps the most important belong to the so-called
DISP(disproportionation)-type mechanism:

2R*- = R* + R, and R* + RH* = RH- + R
Another pathway for homogeneous reduction involves the reaction:
R + H = RH-

where the hydride ion is produced by reduction of H, (ads) at a low hydro-
gen overvoltage electrode (e.g., Pt).

For a two-electron-two-proton electrochemical reduction process from
R to RH,, the possible paths are six (excluding any other possible side chemi-
cal or electrochemical reactions). Figure 3.3 illustrates the “square scheme”
for this case. (Note that electron transfers are depicted horizontally whereas
proton transfers are depicted vertically.) A good example of this type of mecha-
nism involves the electrochemical reduction of a quinone to the corresponding
hydroquinone.
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FIGURE3.3. Asquare scheme for the electroreduction and protonation of an organic hydrocarbon,
R converting ultimately to RH,. (Source: H. Lund and M.M. Baizer, eds., “Organic Electrochemis-
try.” Chapter 2. Dekker, New York, 1991.)

Halogenated aromatic organic compounds (ArX), including halogenated biphe-
nyls as well as many other organic substances containing “good leaving groups”
in addition to the halides (e.g., CN-, SCN-, OR", SR-, NR-, RSO,"), may undergo
reductive elimination reactions as illustrated in Figure 3.4a. In this scheme, BH
is a specie containing an electrophilic group (e.g., a solvent containing hydro-
gen), B* is the corresponding radical and Nu- is a nucleophile. The ions and radi-
cals produced will usually react further to yield various types of products. Itis
noteworthy that, for monohalogenated benzenes, there is a linear correlation
between the rate constant for the cleavage of the radical anion ArX*- and the nega-
tive of the standard potential of the ArX/ArX*- couple.

If the initial electron transfer is slow (as with mercury electrodes), homo-
geneous electron transfer can occur with another substance that shows more
facile heterogeneous kinetics at the electrode surface (e.g., polycyclic aromatic
hydrocarbons, PAH, or transition metal complexes, ML). This indirect reduc-
tion process is further discussed in Chapter 5. Redox mediators can also be in-
corporated in a chemically modified electrode; for example, by covalent bind-
ing to a species attached to the electrode. This catalytic cycle yields the parent
compound, ArH as shown in the scheme in Figure 3.4b.
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e - -
a) ArX ——» ArX® —B——>ArX + B

e -
(———3 Ar _e
—3 ArNu

Nu’ .
—» ArNu  ——
B * ArX =
X + Ar » _r_» ArNu + ArX*

Ar_» Ar-Ar

ﬂ»ArH+B'

ArX*®
Sulsala’

Ar + ArX
H+

ArH

b) ArX + PAH® === PAH + AX'

PAH Ar + X
‘LPAH'
Ar. + PAH
IL[{‘
ArH

FIGURE3.4. Electrochemical reduction of a halogenated aromatic hydrocarbon (ArX) either pro-
ceeding directly (a) or via a mediator such as a polycyclic aromatic hydrocarbon, PAH (b). BH is a
solvent containing hydrogen and Nu- is a nucleophile. (Source: P.H. Rieger, “Electrochemistry.”
Prentice-Hall, New Jersey, 1987. H. Lund and M. Baizer, eds., “Organic Electrochemistry.” Chap-
ter 7. Dekker, New York, 1991.)
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FIGURE 3.5. Mechanistic scheme for the electrooxidation of an organic compound, B is a base
and Nu- is a nucleophile.

Oxidation. The electrochemical oxidation of organic substances usually
yields highly reactive intermediates that will normally produce overall reac-
tions of substitution, addition, coupling with elimination, coupling with addi-
tion or further electron transfer as exemplified by the generic scheme in Fig-
ure 3 5. In this scheme, B denotes a base; that is, RH* + B = BH+ + R*, where
RH* is the initially generated radical cation of the compound. Such
deprotonation behavior is exemplified by alkylated aromatic hydrocarbons.

In the case of aromatic substances, the intermediate cations are stable if
one or more of the following situations exist: (a) the cation possesses a high
degree of charge delocalization that prevents the existence of highly positively
charged sites capable of reaction with a nucleophile; (b) the reactive sites are
blocked by electroinactive substituents; or (c) the cation is stabilized by func-
tional groups that extend the 7 system and promote a higher degree of charge
delocalization. If the cation is not stable, follow-up reactions will lead to spe-
cies such as those shown in the previous reaction scheme.

Indirect oxidation can also occur by homogeneous electron transfer with
an oxidized specie in solution as exemplified by the scheme in Figure 3.6. The
radicals thus produced can undergo the reactions described earlier.

We survey next the electrochemical behavior of classes of organic substances
that are environmentally significant.
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—e” — SR+ HX

+ -
—RH * +X

FIGURE 3.6. Indirect oxidation of an organic compound, RH mediated by a solution-confined
species, X~. (Source: H. Lund and M. Baizer, eds., “Organic Electrochemistry.” Chapter 13. Dekker,
New York, 1991.)

3.2.2.  Survey of the Electrochemistry of Environmentally Important Organics

Table 3.3 contains a listing of classes of organic compounds of environ-
mental import. The electrochemical behavior of each of these classes is briefly
discussed next. No attempt is made to treat this topic exhaustively, and the
reader is instead referred to the monographs and reviews listed at the end of
this chapter.

Hydrocarbons. The oxidation and reduction of hydrocarbons normally
occurs by initial abstraction or injection of one electron. Saturated aliphatic
hydrocarbons have very low electron affinities and thus are mostly
electroinactive under normal conditions, but can undergo electrooxidation at
high temperatures in strongly acidic or basic media. They can also be oxidized
in acetonitrile at potentials of about 1.7 < E; /, <3.9 (V vs. Ag/Ag*). The oxida-
tion may involve cleavage of C-H or C-C bonds. In principle, deep oxidation
of any hydrocarbon should yield CO, although this is seldom achieved.

Although ethylene cannot be electrochemically reduced, the double bond
of other olefinic hydrocarbons can be usually reduced at lower potentials than
the corresponding saturated compounds. This bond becomes saturated and
may also dimerize or intradimerize, as illustrated in Figure 3.7. Olefin oxida-
tion normally produces a cation radical capable of undergoing follow-up reac-
tions including nucleophilic addition, allylic substitution, dimerization, and the
like, as schematized in Figure 3.8. The E;,, values for their oxidation in
acetonitrile generally fall within the range 2-3 V (vs. Ag/Ag™ reference). In the
presence of O,, the electrogenerated alkene cation radical will form the corre-
sponding dioxyethane. Reduction of alkynes is much more difficult and re-
quires a concerted 4 e-, 4 H* mechanism to attain saturation.

Aromatic hydrocarbons are much more important from an environmental point
of view, primarily due to their hazardous nature and their heavy use as fuels and



3.2. Electrochemistry of Organic Pollutants 137

Table 3.3. Important Classes of Organic Compounds of Environmental Significance?

Compound Category Examples
1. Hydrocarbons
Aliphatics Propane
Aromatics Benzene
Polycyclic aromatic hydrocarbons Chrysene
2. Halogenated organics
Aliphatics Chloroform
Olefins Trichloroethylene
Aromatics Chlorobenzene
Multi-ring systems PCBs
3. Nitrogen-containing organics
Nitro derivatives Nitrobenzene
Aliphatic and aromatic amines Aniline
Azo compounds Dyes
Amides Benzamide
Nitriles Acetonitrile
4. Alcohols and phenols
Aliphatics Methanol
Aromatics Phenol
5. Aldehydes and ketones
Aliphatics Formaldehyde
Aromatics Benzophenone
6. Acids
Aliphatics Formic acid
Aromatics Salicyclic acid
7. Miscellaneous
Nitrophenols
Chlorophenols

Heterocyclic compounds

2Also refer to Tables 1.5 and 1.6.

in industrial operations. Many of their electrochemical reaction pathways have
been summarized already. Most of the electrochemical data, however, originate
from studies utilizing nonaqueous media (such as acetonitrile). These solvents are
used because of the relatively low solubilities of these compounds in water and
because their oxidation—reduction potentials usually fall outside the stability range
of water. Further, water is a source of protons and nucleophiles or electrophiles
that facilitate reactions coupled to the electron transfer steps, thus complicat-
ing the elucidation of reaction mechanisms and the detection or isolation of
intermediates.

Atlow-hydrogen overpotential cathodes, the reduction of aromatic hydro-
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FIGURE3.7. Electroreduction of olefinic double bonds with intramolecular dimerization. (Source:
J.M. Costa, “Fundamentos de Electrodica.” Alhambra Universidad, Madrid, 1981.)
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3.2. Electrochemistry of Organic Pollutants 139

carbons may yield different products, as can be seen in the following example
of benzene reduction:

CgHg + 6 + 6 H* — cyclohexane
CgHy + 4 + 4 H* — cyclohexene
CeHy + 2e + 2H* — cyclohexadiene

In aqueous media, the dominant reaction route is the first one. After initial
formation of the radical anion, most aromatics can accept a second electron
forming the dianion (notable exceptions are benzene and naphthalene); the
potential separation between these two steps has been found to average about
500 mV, except in cases where ion-pairing effects are strong and facilitate the
second electron transfer. In highly protic media, cyclic conjugated hydrocar-
bons normally yield 1,4-dihydro-derivatives. For example, polycyclic aromatic
hydrocarbons such as naphthalene and anthracene can be polarographically
reduced at potentials between 2 V and 3 V vs. SCE in a two-electron-two-
proton reaction to yield 3,4-dihydronaphthalene and 9,10-dihydroanthracene,
respectively. Further reduction of naphthalene (with two more e~ and two H*)
yields 1,2,3,4-tetrahydronaphthalene. Biphenyl yields cyclohexa-2,5-dien-1-
ylbenzene under similar conditions.

The electrochemical oxidation of aromatic hydrocarbons occurs more eas-
ily than that of aliphatic hydrocarbons and, as can be seen in the schemes dis-
cussed previously, their intermediates (and their stabilities) as well as products
largely depend on the structure of the parent compound and on the experi-
mental conditions. Predictions of the specific site reactivity of PAHs and of the
stability of their oxidation products can be made with the aid of the values of
the corresponding atomic orbital coefficients from simple Hiickel molecular
orbital (HMO) calculations. By squaring these coefficients one gets a good
estimate of the unpaired electron density at the various sites in the radical after
initial removal of an electron. If this density is well distributed throughout the
radical, the latter will probably be stable for sometime, whereas if one finds a
high unpaired electron density at a particular site, the radical will most likely
undergo subsequent chemical reaction. Should these reactive sites be blocked
(substituted) with groups that are either electroinactive (e.g., methyl, phenyl) or
else extend the charge delocalization (e.g., donor groups such as amino, methoxy),
stable cations can be expected to form upon oxidation of the PAH.

Halogenated Organics. Monochlorinated aliphatic hydrocarbons are com-
monly reduced in the potential interval -2.7 < E_.4 < -2 V vs. SCE, whereas their
polychlorinated counterparts undergo reduction in the interval -2.2 < E 4 < -
0.7 V vs. SCE. When comparing the different halogenated hydrocarbons, it is
observed that their proclivity for reduction (i.e., less negative potentials re-
quired) follows the order I > Br > Cl > F. Monohalogenated aliphatics undergo
1 e or 2 e" reduction, as illustrated in Figure 3.9. The ease of reduction of alkyl
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FIGURE 3.9. Electroreduction of monohalogenated aliphatic compounds. HB is an acid in this scheme.

halides increases in the order: primary < secondary < tertiary. When these
reductions are performed for example at Hg, Pb, or Sn cathodes, the corre-
sponding organometallic compounds are formed.

Monohalogenated alkenes (vinyl halides) constitute an important category
of organic pollutants (Table 1.5). They may be electrochemically reduced, as
shown by the scheme in Figure 3.10. Halide ions are generated from these
reductions.

The electrochemical behavior of monohalogenated aromatics was already
discussed in the preceding section.

Polyhalogenated compounds usually undergo stepwise reduction by suc-
cessive breaking of the R-X bonds at different potentials and are more easily
reduced than their monohalogenated counterparts. For example, the reduc-
tion of species containing the trichoromethyl moiety involves the following
steps:

2¢,HY 2¢,H" 2¢,HY
RCL, — e RHCl; =S8 RH,Cl, ——225 RH;CI
b To7gv P67V 22 TH3y 3

The potentials in this scheme pertain to CCl, solvent and are expressed relative
to the SCE reference.

When two halogens are contiguous in an alkane, the pathways illustrated
in Figure 3.11 may prevail. Aromatics containing two different halogens can
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FIGURE 3.10. Electroreduction of monohalogenated alkenes (vinyl halides).

be stepwise reduced in the sequence I > Br > Cl > F. If the halogens are the
same, selective dehalogenation at different potentials can often be achieved in
2 e, 1 H* steps:

R
A, =S A, + X

Halogenated hydrocarbons are difficult to oxidize, although iodo com-
pounds can be normally oxidized through the corresponding cations. Chlori-
nated and brominated derivatives of PAHs can be oxidized onPtat 1.3 <E; /; <
2 V vs. SCE in acetonitrile. The bromo derivatives are normally oxidized at
potentials more positive than their parent compounds. Halogenated biphe-
nyls, benzenes, and PAHs have been analyzed in terms of their reduction poten-
tials and electron affinities.! All the chlorobenzenes, 37 chloronaphthalenes, and 31
chlorinated biphenyls were considered in this study. The incentive for this
study was to explore the feasibility of using E; /, data for determining the elec-
tron affinities of compounds that undergo dissociative and nondissociative elec-
tron capture. The reversible half-wave reduction potentials (E; ;) in aprotic
solvents have been related to the electron affinity (EA) in the gas phase and
-AAG'y, the difference in solvation energy between the neutral specie and the
anion?:

El/z = EA - AAGosol + Eref = EA - C
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FIGURE 3.11.  Electroreduction of a gem-dihalide. R and R’ are alkyl groups and X is a halogen.
(Source: Peters.1?)

The electrochemical data needed for this correlation were taken from earlier
work3# using interrupted sweep voltammetry. In the preceding expression,
E,ef represents a correction factor for the reference electrode used. Table 3.4
contains E;,; and EA data thus generated for the chlorobiphenyls and chlo-
robenzenes.

Akinetic method has been used> to estimate the standard reduction poten-
tial (E*) for a series of PCBs and PBBs in N,N-dimethylformamide. Note that
the tabulation in the earlier work! uses E; /, (and not E*) data. Direct electro-
chemical measurement of E° for halogenated compounds is complicated by
the follow-up reaction embodied in the scheme:

ArX + e” - ArX® (3.2a)
ArX*— Ar® + X7 (3.2b)

Because of the chemical reaction (Eq. (3.2b)), equilibrium of the two redox forms,
ArXand ArX"* will not be achieved under practical conditions.
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Table 3.4. Reduction Potentials and Calculated Electron Affinities for Chloro-
benzenes and Chlorobiphenyls

Compound Electron Affinity, eV -E,,/V vs. SCE
Benzene Not reduced _
Chlorobenzenes
1- -0.14 2.79
1,2- 0.08 2.57
1,3- 0.10 2.55
1,4- 0.10 2.55
1,2,3- 0.34 2.31
1,2,4- 0.30 2.35
1,3,5- 0.32 2.34
1,2,3,4- 0.54 2.11
1,2,4,5- 0.49 2.16
1,2,3,5- 0.51 2.14
1,2,3,4,5- 0.73 1.92
1,2,3/4,5,6- 0.98 1.67
Biphenyl -0.11 2.76
Chlorobiphenyls
2- 0.20 2.45
3- 0.19 2.46
4- 0.24 2.61
2,3- 0.34 2.31
2,4- 0.32 2.33
2,5- 0.36 2.29
3,4- 0.43 2.22
3,5- 0.40 2.25
2,3,5- 0.52 2.13
2,3,6- 0.36 2.29
2,4,5- 0.46 2.19
2,4,6- 0.33 2.32
34,5- 0.60 2.05
2,3,4,5- 0.62 2.03
2,3,4,6- 0.52 2.13
2,3,5,6- 0.51 2.14
2,3,4,5,6- 0.73 1.92
2,2'- 0.17 2.58
3,3- 0.27 2.38
4,4'- 0.30 2.35
24'- 0.26 2.39
2,6,2,6'- 0.18 2.47
2,5,2'5'- 0.40 2.25
34,3 4- 0.54 2.11
3,5,3,5'- 0.58 2.07
2,524 5- 0.53 212
24,52 4'5'- 0.54 2.11
24,624 6'- 0.39 1.76
Decachlorobiphenyl 0.89 1.76

Source: Wiley et al.!
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However, an electrocatalytic scheme affords a route to the determination of E *:
P+e —= Q: EOPQ
ki <
AX +Q°——== ArX"+P
k1

Where P and Q are the oxidized and reduced forms of the catalyst. The method
involves electrochemical measurement of k;. Since the reverse rate constant is
at the diffusion limit (k ),k /k, is the equilibrium constant, K for electron trans-
fer. Thus, the Gibbs free energy can be computed from

AG'=-RTInK
which in turn affords a route to E”:
AG’ =-nFE”

(see Chapter 2). The rate constant k, was calculated from analysis of the cata-
lytic increase in current above that obtained for the catalyst alone. Table 3.5
contains data thus obtained from linear sweep voltammetry measurements® for 16
different chlorinated and brominated biphenyl derivatives. The catalysts used
and their redox potentials are also contained in the same tabulation.

Nitrogen-Containing Organics. Aromatic organic molecules containing

nitro, nitroso, and azo groups are generally easy to reduce. On the other hand,
amines are rather difficult to reduce. Heterocyclic nitrogen compounds (as
well as most nitrogen-containing organics) catalyze the cathodic production of
H, except in basic solutions, where reactive free radicals are formed. Figure
3.12 contains a mechanistic scheme for the reduction of a mononitro-aromatic
derivative.

A nucleophile may react with cationic intermediates and substitute a hy-
drogen atom in the aromatic amine product. For example, in the reduction of
nitrobenzene in sulfuric acid, water acts as a nucleophile yielding p-aminophenol. In
addition, the arylhydroxylamine may undergo a series of reactions including acid-
catalyzed rearrangement, condensation, further reduction or oxidation, dehy-
dration, and the like. Dinitroaromatics yield different products according to the
relative position of the nitro groups (i.e., o, m, or p). These products can be a
diamino compound, a nitrohydroxylamine, or a dihydroxylamine. When mul-
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Table 3.5. Electron Transfer Rate Constants and Estimated Standard Potentials for

PCBs and PBBs
log k; -E”b
Substrate Catalyst N# L mol1s! V vs. SCE
2-CB 1 11 0.75+0.05 2.369
4,4-PCB 1 18 1.72+0.11 2.317
4,4'-PBB 1 57 3.96 £0.19 2.181
44'-PBB 2 15 2.83+£0.08 2.228
4,4-PBB 3 18 2.09+0.08 2.175
4,4'-PBB 4 15 2.25+0.16 2.141
2,2',44'-PCB 3 12 2.27 +£0.06 2.161
2,2',44-PCB 5 12 1.18 £0.02 2.121
2,2',6,6'-PCB 5 12 0.96 +0.09 2.139
3,3,5,5'-PBB 5 21 3.82+0.04 1.970
3,344 55-PCB 6 15 3.59+0.17 1.899
3,344 55-PCB 7 18 2.80+0.09 1.820
2,2',4,4',6,6'PCB 5 15 1.89 +0.04 2.024
2,2',44',6,6-PCB 6 20 1.67+0.23 2.009
2,2',3,3',44-PCB 5 16 2.71+0.08 2.034
2,2',3,3,5,5,6,6'-PCB 6 20 3.76 £ 0.04 1.891
No. Catalyst -E°pg, V vs. SCE
1 9,10-diphenylanthracene 1.845
2 4-methoxybenzophenone 1.825
3 4-cyanopyridine 1.725
4 benzophenone 1.705
5 perylene 1.623
6 tetracene 1.540
7 rubrene 1.410

2 Number of LSV scans analyzed.
b All data pertain to DMF/0.1 M tetrabutylammonium iodide.

Source: Data from Rusling and Miau.5

tiple nitro groups are present, stepwise polarographic reduction waves can be
observed.

Azo linkages can be easily reduced as shown in Figure 3.13. Similarly,
nitriles can be reduced to the corresponding amines at cathodes with low H,
overvoltage (e.g., Pt). Alternatively, they are dimerized or polymerized in
aprotic media at cathodes with high H, overvoltage (e.g., Hg) (Figure 3.14).

Nitrogen-containing organics are relatively easy to oxidize as exemplified
by aromatic amines. For example, the electrooxidation of aniline is environ-
mentally important because of its extensive use in dyes, and the like. (Chapter
5). Figure 3.15 illustrates the complexity of the oxidation reaction. However,
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FIGURE 3.12. Electroreduction of a mononitroaromatic compound, ArNO, .
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FIGURE 3.13. Electroeduction of an azo linkage. Ar and Ar' are arly groups.
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FIGURE3.14. Electroreduction of an organic nitrile derivative. (Source: J.M. Costa, “Fundamentos
de Electrodica.” Alhambra Universidad, Madrid, 1981.)
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the initial product in all cases is invariably the aniline radical cation. The oxi-
dation of amides usually proceeds through the abstraction of 1 e- from the ni-
trogen lone pair followed by 1 e, 1 H* removal and reaction with a nucleophile
(normally a basic moiety, B” from the solvent, BH):

II-I H

. o+ I iy _H+ +
R—Y_I[\I_(E_R" L R—Y——-{\I | —R" 2 R—Y—F—?—R"

R H R' H R H
B

B

|
R—Y—%\I—?—R"

R H

In this scheme, Y = CO, PO, or SO,. The electrooxidation of amides is normally
“clean” and yields only one major product.

Nitrogen-containing compounds derived from pyrazole (a five-membered hetero-
ring system containing two N atoms) have been used as herbicides. One such
compound is difenzoquat, which is distributed as 1,2-dimethyl-3, 5-diphe-
nyl-pyrazolium methylsulfate:

N CH;SO4”

This was introduced under the registered trademarks Avenge and Finaven as a
herbicide controlling wild oats (Avena fatua, etc.). The lethal dose is quite high,
LDsy = 470 mg/kg (about twice that of KCN or arsenic).

The electrochemical and adsorption properties of the cation have been
described in water, methanol, and acetonitrile.67 The compound was found
to undergo 2 e- reduction in the range: -1.27 - -1.52 V (vs. Ag/AgCl). Ex-
amination of the UV spectra of the electrolysis products allowed the au-
thors to identify a dimerization intermediate and substituted pyrazoline as
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FIGURE 3.15. Electrooxidation of aniline.

the final product.6 Strong adsorption of this compound was also noted at
the mercury electrode at UM concentrations and in a wide potential range.”
These data suggest the implementation of an adsorptive voltammetry ap-
proach as a trace analysis tool for this herbicide (see Chapter 4).
Oxygen-Containing Organics. A generalized pathway for the oxidation of
alcohols, aldehydes, and short-chain acids at electrocatalytic electrodes (e.g.,
Pt) involves the following steps: adsorption, hydrogen abstraction, electron trans-
fer to the electrode, proton abstraction, and oxidation by *OH radicals. Reduc-
tion pathways may differ substantially, and a generalization cannot be made.
A summary of the electrochemistry of alcohols, aldehydes, ketones, car-
boxylic acids, and phenols follows. Follow-up reactions of anions or cations
formed by electron transfer or otherwise will depend on the nature and stabil-
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ity of each individual species. All potentials are given vs. SCE unless other-
wise specified.

The oxidation of aliphatic alcohols is not easy and the potentials required
are rather positive. For example, for aliphatic C;-Csalcohols, E; ,, =2.6£0.14 V
(vs. Ag/Ag* 0.01 M).8 Short-chain alcohols do not yield substantial amounts
of aldehyde during oxidation. In general, primary alcohols and aldehydes can
be oxidized as follows:

R-CH,OH —2€ » R_CHO —2€¢ . R_COOH

The mechanism and products of alcohol oxidation are different in acidic and
basic solutions (Figure 3.16).8 The mechanism in absolute ethanol involves
electron removal from the alkoxy ion or the alcohol molecule with formation of
the corresponding alkoxy radical, which then disproportionates to the alde-
hyde (or CO) and the alcohol.? A major effort has focused on methanol oxida-
tion because of its application in the fuel cell field.

Secondary alcohols yield the corresponding ketones upon anodic oxida-
tion in acidic media. Mediated, indirect electrochemical oxidation of alcohols
can give much higher yields than direct anodic oxidation.

Glycol oxidation involves C-C bond cleavage:

DT KL
-4 €
R_C—C—R" - - _
C I anon G0 + 0=C
OH OH R R

In alkaline solution, electroadsorption of ethylene glycol is followed by oxida-
tion of a primary alcohol group to aldehyde. The final oxidation product is
oxalic acid.10

The oxidation of primary benzyl alcohols (in acetonitrile) yields the corre-
sponding aldehydes. If water is present, the acid can be obtained. Secondary
alcohols yield the corresponding ketones if the chain substituent is small. For
large substituents, the aldehyde is obtained with simultaneous cleavage of the
substituent from the benzyl moiety.8

Carbonyls are normally reducible except in those cases involving masking
of the carbonyl by hydration or by formation of hemiacetals or acetals.
Polyhydroxycarbonyl compounds derived from biomass (e.g., glucose) are or-
dinarily easy to reduce.

Aldehydes are in general easily reducible to the corresponding alcohols.
The reduction rates are a function of pH. The E; ,, values of saturated chain
aldehydes are normally around -1.9 V (in Hg), except for formaldehyde (-1.5 V).
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FIGURE 3.16. Oxidation of methanol at Pt electrode in acidic and alkaline aqueous media.
(Source: H. Lund and M. Baizer, “Organic Electrochemistry.” Chapter 16. Dekker, New York, 1991.)

Unsaturated chain aldehydes may undergo 2 e7, 2 H* reduction to achieve satu-
ration and then another 2 e, 2 H* step to yield the corresponding alcohol.

Aromatic aldehydes normally yield the corresponding alcohol in a two-
step sequence (one electron and one proton in each step). The aryl groups act
as electron withdrawing groups and facilitate reduction of carbonyls. For example,
the E; /, for the reduction of benzaldehyde is -1.26 V (pH 7), which is substan-
tially lower than the potentials mentioned previously.

Ketones are more difficult to reduce than aldehydes. For example, the E; /;
for acetone is -2.46 V. Double bonds adjacent to the carbonyl group facilitate its
reduction; lowering of the E; , required for reduction by ~1 V has thus been
observed. Aromatic ketones behave like unsaturated aliphatic ketones. Their
reductive coupling normally yields a pinacol.

A summary of the common routes for carbonyl group reduction is given in
Figure 3.17.

Low-hydrogen overvoltage cathodes (e.g., Pt, Ni, Cu) favor the direct aro-
matic carbonyl reduction to the corresponding alcohol instead of the pinacol
formation shown in Figure 3.17. Typical examples of glycol/pinacol formation
from aldehyde/ketones in alkaline solutions at high-hydrogen overvoltage
cathodes (e.g., Hg, Cd, Zn) are furfural (-1.14 V), acetone (-1.16 V), and
acetophenone (-1.6 V).11 It has been proposed that alcohol formation occurs at
the electrode surface, whereas pinacol formation occurs in solution. This last
reaction is greatly favored by the presence of certain transition metal ions(e.g.,
Cr(II)).

An environmentally relevant aldehyde-formaldehyde, behaves rather
uniquely.
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FIGURE 3.17. Summary of the electroreduction routes for the carbonyl group.

For example,

It hydrodimerizes to ethylene glycol at graphite cathodes.12

In alkaline solutions, it produces formate ions upon relatively mild oxida-
tion (at potentials ~0.75-1.25 V) or carbonate ions at higher potentials and at
catalytic metal oxide electrodes.13

Hydroxymethanolate, HOCH,O- (also called methylene glycol or gem-
diolate) has been invoked as a intermediate during oxidation of formal-
dehyde in alkaline media at Group 1B metals (e.g., Cu and alloys).14
During electroless metal plating in acidic solution, its oxidation starts with
dissociative adsorption that leads to dehydrogenation and CO, produc-
tion. In basic solution, such oxidation may or may not be accompanied by
hydrogen evolution, depending on the type of metal surface.15

Possible oxidation pathways for aldehydes include (g) direct electrochemi-

cal oxidation on a nonoxidized surface, and (b) reaction of a gem-diol or
nonhydrated form of the aldehyde with a surface oxide.16

Organic carboxylic acids are not easily reduced in acidic or alkaline solu-

tions. In strong acidic media, the protonated acid form can accept electrons
more easily. A summary of their cathodic reduction behavior is given in Figure
3.18. As with carbonyls, electron-withdrawing groups facilitate their reduc-
tion. An example of this is the negative shift of about half a volt observed
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FIGURE 3.18. Electroreduction of a carboxylic group.
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FIGURE 3.19. Kolbe-type oxidative decarboxylation of organic acids.

during the reduction of 1-ethyl-4-carboxypyridinium bromide when going from
strongly acidic to strongly basic conditions.

Aromatic acids and esters (e.g., benzoic acid, alkyl benzoates) follow the 4
e, 4 H* path shown in Figure 3.18 at very negative potentials on high-hy-
drogen overvoltage cathodes such as Pb and Hg. The corresponding alcohols
are then produced. Reduction of aromatic vicinal diacids (e.g., phthalic acid)
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does not yield the expected dialdehydes (e.g., catechol) since ring reduction
occurs first.

As mentioned earlier, masked aldehydes (i.e., carbonyl group protected by
hydration or by hemiacetal or acetal formation) are difficult to reduce, whereas
their nonmasked counterparts are easy to reduce (even easier than their corre-
sponding acids). For this reason, if one desires to reduce an acid to produce the
corresponding aldehyde, the latter must be present in the protected form or
else it will also be reduced.

Carboxylic acid oxidation usually follows the well-known Kolbe-type mecha-
nism, summarized in Figure 3.19. The short-lived acyloxy radicals undergo fast
decarboxylation to yield the neutral radicals R* that may react in various ways
as shown in the scheme. Simple aromatic acids, where the carboxylate group
is bonded to the aromatic ring, do not follow the Kolbe mechanism; but when
this group is far removed from the ring, normal reaction is observed.1”

Other cross-coupling reactions can also occur. Examples include

-2¢,-2C0,

RCOO + R'COO° R-R' + R-R + R'-R’

ROOCHCH,),—COO

N -2CO, ,
———= ROOC—(CHp)y+y~COOR
R'00C—(CH,),~COO

(Brown-Walker reaction)

-, -CO»

RCOOH + R'CHO R'-C(O)R

Phenols are an environmentally important group of oxygen-containing or-
ganic compounds. Generally phenols are not cathodically reduced. Their1e- or
2 e oxidation can lead to a variety of products including quinones.1® Film
formation due to electropolymerization makes mechanistic studies difficult.l”
Such films have been studied in connection with corrosion protection, redox
active film formation, analysis of surface states in semiconductors, and so forth.1920

Anodic peak potentials for phenols (in CH,Cl,-HFSO3) commonly occur
at1.3-1.7 V (vs. SCE). The oxidation of phenols at different electrode materials
is discussed later in this book (Chapter 5). Their electrochemical behavior is
summarized in the mechanistic scheme in Figure 3.20.

The intermediate phenolic cation radicals are strongly acidic (their pK,
values are normally in the range -2 to 0) and deprotonate to form neutral
phenoxy radicals, ArO*® (t; /, ~10--10-10 5)17 which are further oxidized (either
heterogeneously or homogeneously) to the phenoxonium ions, ArO*. These
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FIGURE 3.20. Electrochemical behavior of phenols. (Adapted from Ref. 8.)

cations may react with a nucleophile and yield dienones, quinones,
benzoxazoles, and so on. Upon further oxidation, they can be converted into
acids or even CO,. Phenol can adsorb on oxide electrode surfaces (e.g., PbO,)
and react with *OH radicals and with O,, forming the peroxydihydroxy-
cyclohexadienyl radical.18

The existence of phenoxy radicals has been shown by in situ MIRFTIRS
(multiple internal reflection Fourier transform infrared spectroscopy).?! They may
undergo reactions such as C—C coupling, C-O coupling, dimerization,
tautomerization, disproportionation, and the like (see Figures 3.20 and 3.21). The
nature of the substituents frequently determines the type of reaction. For ex-
ample, if the radicals are substituted with nonbulky groups or are not substi-
tuted at all, couplings of the type “head-to-head,” “tail-to-tail,” and “head-to-
tail” are possible. This last type leads to polymer formation. Likewise, if the
radicals are substituted with bulky groups, the coupling of the radicals cannot
be of the “head-to-tail” type, and a “tail-to-tail” dimer will form instead of a
polymer. Other common products include biphenyls, diphenols, diquinones,
and peroxides.

Nitro groups in nitrophenols (e.g., 2-amino-4-nitro-phenol) may undergo
6 e-, 6 H* reduction to the corresponding amino group.

Strong similarities between the electrochemical and photochemical oxida-
tion of phenols have been suggested.1” In addition to the direct electron transfer
at an electrode surface, indirect electrochemical processes using a mediator or
intermediate have also been used, as discussed in Chapter 5.



3.3. Electrochemistry of Inorganic Pollutants 155

3.3. ELECTROCHEMISTRY OF INORGANIC POLLUTANTS

Inorganic pollutants occur in a variety of metallic and nonmetallic forms,
including the elements themselves, as cations, anions, or organometallic com-
pounds (see Section 1.4.2). We shall consider each category in turn. The ther-
modynamic data in this discussion have been culled from the compilations by
Pourbaix and by Bard, Parsons, and Jordan.

3.3.1. Metals
Copper. Copper forms compounds in two oxidation states, +1 and +2.

The +3 oxidation state is also known, although trivalent copper tends to be
unstable in aqueous media. The following standard potentials are available:

Cu?t + e 2 Cut E’=0.16V
Cut+e2Cu E°=052V (3.3)
CuZt + 2e 2 Cu0 E°=034V
2 Cut 2 CuZ++Cud log K=5.73 (3.4)

In the absence of complexing ligands such as the chloride ion,?2 copper(I) is
unstable, disproportionating as just shown.

Figure 3.22 contains Pourbaix diagrams for the copper-water system at
25°C. In basic pH, the hydroxide Cu(OH), is less stable than the oxide CuO
considered in this diagram.

R R' R

FIGURE 3.21. Electrooxidation of phenolate anion.
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FIGURE 3.22. Pourbaix diagrams of the copper-water system at 25° C. The dashed lines
labeled a and b are the solvent (H,0) decomposition limits. (Adapted with permission from M.
Pourbaix, “Atlas of Electrochemical Equilibria.” Pergamon, Oxford, 1966.)
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FIGURE 3.23. Disk (solid-line) and ring (dashed-line) voltammograms in 10> M CuCl,
+ 0.5 M KCl. (Reproduced with permission from Napp et al.?)

The voltammetric behavior of the Cu(II) ion has been studied both in aqueous
media23 as well as in nonaqueous solvents.2# Figure 3.23 contains rotating ring-
disk voltammetry (RRDE) data from early work?3 in 0.5 M KCI. The disk scan
(solid line) shows the two-step reduction of Cu(II) to metallic copper. The first
wave can be assigned to the Cu2* — Cu* redox process as supported by the
ring “collection” scan (dashed line). The ring was held at +0.4 V (vs. SCE refer-
ence) to reoxidize the Cu(I) back to Cu(II).

The stabilizing influence of CI- on Cu(l) is clearly seen in the CV scans in
Figure 3.24.25 The increase in the amplitude of the anodic wave at +0.23 V (vs.
Ag/ AgCl) in Figure 3.24a (compare with the set of waves for the Cu2+/+ couple
in Figure 3.24b) as the potential is swept to encompass the Cud regime is a
direct consequence of the coupled chemical reaction (Eq. (3.4)).

We shall further consider the complexation chemistry involving copper
ions later in this chapter.

Cadmium. The only stable oxidation state of cadmium in aqueous media
is +2. Figure 3.25 contains a Pourbaix diagram for the cadmium-water system
at 25°C. In acidic media, the Cd%/2+ couple is dominant:
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FIGURE 3.24. Cyclic voltammograms (potential scan rate, 0.02 V s!) at a glassy carbon electrode
for a 3 mM solution of CuCl, in 0.1 M KCl: (a) the negative going scan is carried into the Cu®
deposition regime; (b) the Cu?*/* redox electrochemistry manifests in a quasi-reversible manner is
a more restrictive scan range. (Reproduced with permission from Basak et al.?%)

Cd?*(aq) + 2e &2 Cd(s) E°=-0402V (3.5)
The standard potential for cadmium amalgam formation
Cd?*(aq) + Hg + 2e 2 Cd(Hg) E°=-0352V (3.6)

lies positive of this value. In basic media, as Figure 3.25 illustrates, Cd(OH), is
the dominant insoluble phase:

Cd(OH),(s) + 2e- 2 Cd(s) + 20H- E°=-0824V 3.7)

This hydroxide forms a protective (passivation) layer on the parent metal sur-
fe ce on anodization in alkaline solutions.

The overpotential for hydrogen evolution on cadmium is higher than that
for its Group 2 counterpart, Zn. For example, for a current density of 1 A/dm?,
1 is -0.746 V for Zn and -1.134 V for Cd.
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FIGURE 3.25. Pourbaix diagram for the cadmium-H,O system at 25° C. (Adapted with permis-
sion from M. Pourbaix, “Atlas of Electrochemical Equilibria.” Pergamon, Oxford, 1966.)

The electrochemical reduction of Cd(Il) ions at a mercury electrode has
frequently served as a model reaction in the study of electrode kinetics. A
number of studies have addressed the measurement of k°” and o (see Chapter
2) for this electrode reaction, and the influence of variables such as the sup-
porting electrolyte, solvent, or added inhibitor or catalyst (e.g., thiourea) on the
charge-transfer kinetics.26 While the early studies hinged on the assumption
that the two electrons are simultaneously transferred in one reaction, recent
evidence shows that the reduction is more complex. Demodulation
voltammetry?? in NaClO, electrolyte at various water activities shows that
the reduction at Hg proceeds via
Fast loss of 12.5 water molecules in a preceding equilibrium
A slow “chemical” step that is not a desolvation
Slow transfer of the first electron
Fast loss of four water molecules
Slow transfer of the second electron
Fast loss of the remaining nine water molecules

Other effects have been reported?8 such as potential oscillations during the
electrocrystallization of cadmium from alkaline cyanide solutions under
galvanostatic conditions and the influence of solution composition on the UPD
of cadmium at single crystal Ag surfaces.?? Especially relevant from an envi-
ronmental perspective is a recent study that concerns the influence of
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FIGURE 3.26. Cadmium yield and current efficiency as a function of the solution pH at different
molar ratio of cadmium and citrate: A, 2:1; Z 1:1, X ,1:2, and T 1:3. T=25° C. (Reproduced with
permission from Lai and Ku.*’)

complexing agents such as citrate on cadmium deposition.30 Figure 3.26 con-
tains representative data from this study on the cadmium yield and current
efficiency as a function of the solution pH with the cadmium:citrate mole ratio
as a parameter. These data have been interpreted® in terms of the free Cd(II)
ion availability and its dependence on the two variables along with mass trans-
port effects of Cd(II) ion complexation.

Chromium. The most important and stable oxidation states are +3 and +6.
All Cr(VI) compounds are oxo compounds in aqueous solutions and are very
strong oxidizing agents in acidic media:

HCrO,(aq) + 7H* + 3e & Cr¥ + 4 H,0(l) E°'=138V  (38)

Cr,04(aq) + 14H* + 6e @2 4Cr3+(aq) + 7H,0O(l) E*=136V (3.9)
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FIGURE 3.27. Simplified Pourbaix diagram for the Cr-H,O system at 25° C. (Adapted with per-
mission from M. Pourbaix, “Atlas of Electrochemical Equilibria.” Pergamon, Oxford, 1966.)

The two Cr(VI) species are in equilibrium with one another:
2 HCrO(aq) 2 Cr,04 + HO(1) K=339 (3.10)

The Pourbaix diagram for chromium is exceedingly complex because of
the wide variety of species that can coexist in aqueous media. However, a
simplified diagram is contained in Figure 3.27.

Chromium displays the important technological phenomenon of passivity.
Figure 3.28 illustrates this behavior. A chromium electrode dissolves readily
in acidic medium:

Cr(s) » Cri+(aq) + 2¢€ E°=-090V (3.11)
However, when the potential reaches ca. -0.2 V, the Flade potential, the cur-
rently remarkably drops to almost zero. Not until a potential of ~+1.2 V is

reached does appreciable current flow again occur in response to the reaction

Cr(s) + 4H,0(l) > CrO2(aq) + 8 H*(aq) + 6 (3.12)
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FIGURE 3.28. The electrochemical passivation behavior of chromium. (Reproduced with permis-
sion from K.B. Oldham and J.C. Myland, “Fundamentals of Electrochemical Science.” Academic
Press, San Diego, CA, 1994.)

The passivity is caused by an impermeable oxide layer on the chromium sur-
face (see Figure 3.27), which protects the underlying metal from oxidation. This
peculiar behavior has led to the important technological use of chromium
for corrosion protection applications. The “plating baths” used for chrome
electroplating are generally based on Cr(VI) (e.g., CrO; or effectively H,CrOy).
The solubility product of precipitated chromium hydroxide is given by:

Cr(OH)y(s) » Cr3* + 3 OH- Kgp = 1090 (3.13)

Excess hydroxide ion converts Cr(OH),(s) and various Cr(III) species to
the soluble chromite ion:

Cr(OH)s(s) + OH- 2 Cr(OH)4 K=1004 (3.14)

Both these species are reduced to metallic chromium as follows:
Cr(OH)5(s) + 3e- 2 Cr(s) + 30H- E°=-133V (3.15)
Cr(OH)4(aq) + 3e & Cr(s) + 4 OH- E°=-133V (3.16)
The mechanism of the reduction of Cr(VI) to Cr(0) has been the topic of
much discussion.31-33 It is now established that anions such as SO, and Cl-

are an essential requirement for the deposition of good-quality metallic chro-
mium. The role of sulfate appears to be to prevent the precipitation of interme-
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diate oxidation states. The first step undoubtedly is the reduction of Cr(VI) to
Cr(IlI). This process is diffusion controlled with respect to sulfate.32 The po-
tential for Cr(VI) — Cr(IIl) reduction at Cu, Ni, Cr, and C is reported to be
determined by the extent of removal of an oxidized film from the metal sur-
face. The presence of a subsequent passivity film has been confirmed by double-
layer capacity measurements, current interrupter techniques, X-ray photoelec-
tron spectroscopy, glow discharge—optical emission spectroscopy, and via opti-
cal and electron microscopy. This film appears to be a mixed oxidation state
chromium oxide, and radiotracer evidence points to the existence of sulfate in
it.32 Chromium metal deposits at potentials negative of the formation of this
layer. The reduction of the passivity films to Cr metal is postulated to proceed
via a chromous hydroxide intermediate, and HSO, is proposd as a catalyst for
this process.31 Other ions such as Ni(II) have also been shown to improve the
current efficiency of chromium deposition.33 The effect of chloride ions has
been discussed within the framework of a CE mechanism; namely,

Az D slow

D+ne —C fast

where species D has been proposed as the CrO;Cl- complex ion.3435

The underpotential deposition of ions such as Bi3* on Pt has been reported
to catalyze the reduction of Cr(VI) in alkaline media.3¢ The formation of insoluble
Cr(OH); was found to impede the reduction at the parent electrode surface. The
electrocatalytic action of the Bi UPD adatoms at Pt was interpreted in terms of the
elimination of CrO,? adsorption.

The electrooxidation of Cr(IIl) has also been fairly well studied. A mecha-
nism involving an adsorbed Cr(IV) intermediate has been proposed37:

H,O-e — *OH,4 + H*
Cr3+ + .OHads —> [CrO]2+ads + H*
2 [CrO*4s + 5H,0O-4e — Cr,O2 + 10H*

Interesting enough, the catalytic activity of the electrode surface appears to
correlate with the bond strength of chemisorbed oxygen-containing species,
increasing activity corresponding to decreasing bond strength.3” Thus, a mate-
rial such as PbO, exhibits excellent characteristics with an ordering of catalytic
activity as follows: titanium alloys, steels < Ti/MnO, < Pt/PtO, < Ni/NiO, <
Pb/PbO,. The Cr(III) — Cr(VI) process is environmentally important from a
recycling perspective (see Chapter 5).
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FIGURE 3.29. Pourbaix diagram for the lead-water system at 25 °C. (Adapted with permission
from M. Pourbaix, “Atlas of Electrochemical Equilibria.” Pergamon, Oxford, 1966.)

The electrochemical properties of Cr(Il) ions in aqueous media have not
been extensively investigated.383% The formal potential of the Cr(II)/Cr(0)/
Hg couple, however, has been determined to be -1.165 V.38 The Cr(0) formed at
the mercury electrode apparently undergoes a fast follow-up reaction, leading
to its deactivation. The oxidation of Cr(II) to Cr(III) has also been studied by
the same author. The electrode reaction

Cr(IlhX + e 2 Cr(IDX (3.17)

has been the subject of mechanistic studies.3%40 An inner-sphere electron transfer
pathway has been proposed for this system, and for X = OH-, NCS-, Br- the rate
constants are especially high.

Lead. The most important oxidation state is +2. Figure 3.29 shows the
Pourbaix diagram for the lead—water system at 25°C. The plumbous ion is
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stable both in acid and in strongly alkaline solutions and exists as PbZ* and
HPbO," ions, respectively. The Pb(IV) oxidation state exists primarily as PbO,.
Anodic oxidation in concentrated (10 M) NaOH generates soluble Pb(IV) as
PbO;% ions. The oxide Pb;O, may be considered as plumbous plumbate,
2 PbOsPbO,.

The standard potentials in the Pb(IV)-Pb(II)-Pb(0) system are as follows:

Pb4 + 2e- 2 Pb2*(aq) E'=169V (3.18)
Pb2+(aq) + 2 e 2 Pb(s) E*=-0.125V (3.19)

Since mercury electrodes are often used for the assay of Pb (see Chapter 4),
the lead-lead amalgam potential is relevant, and this is about 5.8 mV, the solid
Pb electrode being more negative.

Much of the electrochemical study of Pb has been prompted by its applica-
bility to battery development, and perhaps not surprisingly, the Pb—-PbSO,~
H,SO, system has been intensively studied. This topic has been reviewed.4!
On the other hand, as we shall see in later chapters, the Pb/PbO, anode is also
technologically important in many other industrially and environmentally im-
portant electrolytic oxidations: chloride to chlorate, bromide to bromate, sul-
fate to peroxydisulfate, Cr(II) to Cr(VI), and sulfite to sulfate, to mention a
few.

Mercury. The important oxidation states are +1 and +2, the correspond-
ing species in acidic media being Hg,2* and Hg?*, respectively. Even at very
low concentrations, the mercurous ion is virtually undissociated4243:

Hg,%*(aq) 2 2 Hg*(aq) K<107 (3.20)

Figure 3.30 contains the Pourbaix diagram for the mercury-water system at
25°C. The best value of the standard potential for the Hg*/ couple in acidic
media is as follows:

Hg,2*(aq) + 2e 2 2Hg() E°=0.796 V (3.21)

This redox couple is important in the construction of the saturated calomel
electrode (SCE):

Hg,Cly(c) + 2e- 2 2Hg(l) + 2 Cl(aq) E°=0.268V (3.22)
The reaction

Hg2+(aq) + 2e 2 Hg(l) E°=0.854V (3.23)
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FIGURE 3.30. Pourbaix diagram for the Hg-water system at 25° C. (Adapted with permission
from M. Pourbaix, “Atlas of Electrochemical Equilibria.” Pergamon, Oxford, 1966.)

underlines the anodic instability of the metal. On the other hand, mercury has
a very large hydrogen overpotential, attesting to its popularity in electroanaly-
sis as a working electrode. Combination of E°(3.21) and E* (3.23) leads to the
equilibrium constant of the disproportionation reaction:

Hg?*(aq) + Hg(l) 2 Hg,?*(aq) K=879 (3.24)

It follows from this that a fairly powerful oxidizing agent (e.g., Br,) is required
to oxidize the mercurous ion to the mercuric state.
HgO is the predominant insoluble phase at positive potentials:

HgO(s) + 2H*(aq) + 2e 2Hg() + H,O() E°=0926V (3.25)
In basic medium, this redox reaction becomes

HgO(s) + H,O(l) + 2e- 2 Hg(l) + 20H- E*=0.098 V (3.26)
This value, in conjunction with the E° of Reaction (3.25), yields

Hg(s) + HO() 2 Hg?*(aq) + 2 OH- K, =28x102%  (3.27)

The existence of the Hg(IV) oxidation state is questionable (Figure 3.30).
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FIGURE 3.31. Pourbaix diagram for the As-water system at 25°C. (Adapted with permission
from M. Pourbaix, “Atlas of Electrochemical Equilibria.” Pergamon, Oxford, 1966.)

3.3.2.  Nonmetals (Metalloids)

Arsenic. The important oxidation states are +5, +3, and -3, and the corre-
sponding species being arsenic acid (H3AsQOy), arsenious acid (HAsO, or, al-
ternatively, H3AsQOs), and arsine (AsHj). Figure 3.31 contains a Pourbaix dia-
gram for the As—H,O system at 25°C. The acids undergo stepwise dissociation
as the pH is increased as follows:

K; - K, 2.
H3AsO; — H;AsO;7 ——> HAsO;
with Kj and K, being 6 x10-10 and 7.41x 10-13, respectively. Similarly for H3AsOy,:

K K K
H;AsO; ——» HAsO;7 —2» HAsOZ —2» AsO

with Ky, K5, and K3 being 5.98 x 10-3, 1.04 X 107, and 3.98 x 10-12, respectively.
In most natural waters and aerobic soils, the available data** suggest a

predominance of As(V) over As(Ill). An inspection of Figure 3.31 and Figure
3.32, which is a pE-pH diagram of the environmentally significant As-S-H,O



168 Chapter 3

0,400
6 4
H2As0; +0.300
4 4
HAsOZ F0.200
2 4
+0.100
01 00 L0.000
HjAs
pE 3 3 EH,V
.2 -0.100
. (As,53) --0.200
D F-0.300
61 H,0 Unstabie AsS3
+-0.400
-8
4 s 6 7 8 9

pH

FIGURE 3.32. pE-pH diagram for the As-5-H,O system at 25°C with total dissolved As and S
species set at 50 ppb and 32 ppm, respectively. The area within the hatched lines denotes that the
solid phases are predominant ( i.e., total dissolved As species <5 ppb.) (Reproduced with permis-
sion from Cullen and Reimer.*)

system,# suggests that at these natural redox potentials (0.25-0.40 V), a decrease
in pH should increasingly favor the more toxic arsenite over the less toxic ar-
senate. However, thermodynamically predicted As(V)/As(IlI) ratios rarely are
observed, and a multitude of other factors influence the relative concentra-
tions of these species.44

The important redox potentials (standard reduction potentials) in acidic
and basic media follow.

Acid

+5 +

3 0
56 -0.225
HAsO, <220 m gaso, €« 22900 As <222 A,

Base

-0.6 - 1.37
AsO43‘ <—7> AsO33' &» As «——>» AsH;
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FIGURE 3.33. Polarograms in 2 M HCIO, /0.5 pyrogallol for As(V) and As(Ill). (Reproduced
with permission from White and Bard.*)

The polarographic behavior of As(V) in highly acidic (11.5 M HCl) medium has
been discussed.*> Two waves were observed corresponding to the scheme:
As(V) — As(0) — As(-III). However, the wave shape was complex at As(V)
levels above 0.4 mM, and in non—complexing media. Similar observations have
been made in alkaline media.4¢ Arsenic in the +5 oxidation state is also
electroactive in phosphoric acid or acidic solutions of polyhydroxy compounds
such as catechol, 748 pyrogallol #74° and D-mannitol.%0 Figure 3.33 contains repre-
sentative polarographic data in 2 M HCIO,/0.5 M pyrogallol.4? Three well-
defined waves in Figure 3.33a are consistent with the scheme: As(V) — As(III)
— As(0) — As(-III). The E;, (half-wave) potentials for the second and third
waves are comparable to those obtained for As(III) (Figure 3.33b), diagnostic of
the fact that the reduction of the As(V)-pyrogallol complex, initially formed,
proceeds to uncomplexed As(IIl) as the product.
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In summary, As(V) is electroinactive in conventional electrolytic media (e.g.,
1 M HC), but is converted to an electroactive complex in the presence of cer-
tain agents. The nature of this complexation chemistry remains largely unclear
at present although there are indications that a 3:1 complex is formed in the
case of As(V) and pyrogallol.

Selenium. The important oxidation states are -2 in selenides (Se?-), +4 in
selenites (Se0;7°), and +6 in selenates (SeO,2-). Figure 3.34 contains the Pourbaix
diagram for the Se-H,O system at 25°C. As with arsenic, all the preceding
species are involved in protonation—-deprotonation equilibria:

K
H,Se ! Hse —K2. g

K] = 1.88 x 10'4, KZ =1x10-14

K K
H,SeO4 :2‘ HSeOs5™ é SCO32_
K; =2.7%x103, K, =2.63 x 10”7

_ K
HSeO4 =—=2e— SeO*
K; =8.9x 103

The standard reduction potentials in acidic and basic media are as follows:

Aci

(o}

0
S -0.67 Se -0.36 Se0s> 0.03 Se0, >

The electrochemistry of Se(IV) in aqueous media has been the topic of many
studies.51-%¢ The behavior is rather complex, and several (interrelated) factors
can be attributed to it including, for example:
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Sensitivity to the electrode surface: Deposition of a Se(0) layer tends to
passivate many electrode surfaces.>1-5¢ For example, well-defined waves
have been observed for Se(IV) reduction at soft graphite electrodes, but poorly
defined voltammetry features at glassy carbon.52

Underpotential deposition: Some electrode surfaces (e.g., Au) promote the
underpotential deposition of Se(0) via strong metal-Se interactions. Thus,
two waves have been reported for the reduction of Se(IV) at gold; the one
at the more positive potential was assigned to the UPD process.
Compound (selenide) formation involving the electrode material: This com-
plication is evident even in some early studies.5¢ For example, changes in
the polarographic waves of Se(IV) upon standing5” were attributed to
“HgSe” compound formation. Evidence for the formation of a Au-Se inter-
metallic has been presented.”> Other support electrode materials such as
Ag,51 Cd 5154 Cy,5158-61 and In%8% are all known to react chemically either
with Se(0) or with the element in the -2 oxidation state.

Coupled chemical reactions: This was also noted very early on in the his-
tory of Se(IV) electrochemistry. For example, the following chemical reac-
tion has been postulated to account for certain anomalies in polarographic
data®2:

H,Se0; + 2H,Se 2 3Se + 3 H,0 (3.28)

In this scheme, the electrogenerated selenide ions react with incoming se-
lenious acid molecules in the diffusion layer, resulting in the precipitation of
(colloidal) selenium in the homogeneous solution phase.

Lack of electroactivity of Se(IV) reduction products: It has been reported> that
electrodeposited Se(0) or the element introduced into graphite paste elec-
trodes is often electroinactive. Evidence has been presented®? for the for-
mation of at least two forms of Se(0) (“red” and “gray”) in the Se(IV) sys-
tem, and it appears that the red variety is generated via Reaction (3.28).
The same group has shown that the selenate ion (SeO,%) is electroinactive
at the carbon paste electrode.®® On the other hand, other authors®4 claim
that the gray Se(0) formed via the direct electrochemical reduction of Se(IV)
is electroinactive.

These complications have prompted a recent re-examination of Se(IV) elec-

trochemistry using a combination of voltammetry and electrochemical quartz crystal
microgravimetry (EQCM).%5 Figure 3.35 contains simultaneous linear sweep
voltammetry (LSV)-EQCM data on Au without (Figure 3.35a) and with (Figure
3.35b) Se(IV) in the electrolyte. These data are best interpreted in terms of the
following scheme. The anodic wave around -0.10 V (vs. Ag/AgCl) (along with
the mass gain) is assigned to the UPD of Se(0) on Au:
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FIGURE 3.34. Pourbaix diagram for the Se-H,O system at 25°C. (Adapted with permission from
M. Pourbaix, “Atlas of Electrochemical Equilibria.” Pergamon, Oxford, 1966.)

H,5¢0; + 4H* +4e & Se(Au) + 3H,0 (3.29)
Wave A is assigned to a combination of Reactions (3.30) and (3.31):

H,5eO; + 4H* + 4e- 2 Se + 3 H,0O (3.30)

H,Se0; + 6 H* + 6 2 H,Se + 3 H,0 (3.31)

Evidence for the occurrence of Reaction (3.31) at noble metal electrodes (Au
and Pt) has been presented.5! These authors concluded that at high Se(IV)
concentrations, the rate of the chemical reaction (Eq. (3.28)) is fast so that Reac-
tion (3.31) couples effectively with Reaction (3.28) leading to an overall process
for Se(0) generation (i.e., Reaction (3.31) + Reaction (3.28)) that is equivalent to
Reaction (3.30). Thus the mass gain observed concomitant with wave A is a
manifestation of both the 4 e- reduction pathway (Reaction (3.30)) and the 6 e
route coupled with the chemical reaction (Reactions (3.31) + (3.28)).
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FIGURE 3.35. Combined cathodic linear sweep voltammetry (solid-line) and microgravimetry
(dashed-line) scans of Au in 0.05 M Na,SO, with and without 4 x 10 M H,SeO,.
(Reproduced with permission from Wei et a1.%)

The initial mass loss associated with wave B (Figures 3.35b and 3.36b) is
assigned to Reaction (3.32):

Se + 2H* + 2e- 2 H,5e (3.32)

However, the mass gain observed at the trailing edge of wave B indicates that
stripping is incomplete and redeposition of Se(0) occurs via Reaction (3.28). Thus
the competition between these two processes appears to be delicately balanced
and is dictated by the potential and the concentration of H,Se in the solution
(see later).

Finally, wave C is assigned to the complete stripping of Se(0) from the Au
surface, including the UPD layer. The mass loss in this regime is monotonic,
although note that the frequency (mass) does not return to its initial value (at 0
V vs. Ag/AgCl) until potentials more positive than -0.8 V are reached on the
return cycle. This can be attributed to the interference from the proton reduc-
tion reaction.
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Figure 3.36. Combined cyclic voltammograms (solid-line) and microgravimetry (dashed-line)
scans of Au in the same solution as in Figure 3.35. Switching potentials for the traces were as
follows: (a)-0.55V; (b) -0.85 V; (c)-1.20'V. (All potentials vs. the Ag/AgCl reference. (Reproduced
with permission from Wei et al.%%)

The importance of the 6 e~ reduction pathway at relatively positive poten-
tials (e.g., corresponding to the wave A regime in this study) appears not to
have been recognized in the majority of the earlier studies, at least in neutral
and acidic media. The early polarographic data cited earlier were interpreted
in terms of a Se(IV) — Se(0) — Se(-II) scheme. This is the case even in more
recent studies.5263 It now appears more likely that the direct 6 e- Se(IV) — Se(-II)
reduction pathway competes with the initial 4 e- process.®> Coupling with a
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subsequent (fast) chemical reaction between Se(-II) and Se(IV) results in the
further deposition of Se(0) at the electrode surface. The electrochemical behav-
ior at more negative potentials reflects a complex interplay of the 4 e, 6 e~ re-
duction processes and the chemical reaction along with the effect of Se(-II) ions
stripped off from the initial selenium layer. Thus, the delicate balance between
these is influenced by two variables; namely, the potential and the Se(-II} con-
centration in the electrolyte. Further data in support of this mechanistic scheme
have been presented, 55 using a Au disk electrode oriented “face down” in the
cell as well as by hydrodynamic voltammetry measurements.

3.3.3.  Inorganic Anions and Gaseous Species

We next examine the electrochemistry of anionic species of sulfur, carbon,
and nitrogen such as sulfite, cyanide, and nitrate as well as gaseous compounds
such as SO,, NO, CO, and CO,. All these species have environmental import, see
Section 1.4.2.

Sulfur Dioxide, Sulfite, and Bisulfite. The electrochemistry of sulfur—oxygen com-
pounds has been recently reviewed.66 The sulfur compounds are presented in or-
der of the oxidation state, and Pourbaix diagrams are given in each case. We
focus here mainly on the electrochemisry of SO, and the sulfite and bisulfite
ions. Thermodynamic data on aqueous systems reveal that SO, exists mostly
as the dissociated species, HSO;™ and SO32~:

K>

HS0; ==L~ HSOs S05*
K;=17x102, K, =5x10%
Oxidation of SO52- or HSOj5" yields the sulfate ion:
SOs2 + 20H- 2 H,O + SO + 2e- E°=-0930V (3.33)
HSO; + H) O 2 3H* + 2e + SO E*=0.158V (3.34)

The electrooxidation of SO,, aside from environmental importance, also
has an important side benefit in terms of hydrogen production by water elec-
trolysis at low cell voltage levels. Thus, this electrochemical scheme allows the
removal of SO, from flue gas and the production of sulfuric acid.6’%% The
difficulty is the sluggish kinetics and the high overpotential required for SO,
oxidation. The electrochemical oxidation of SO52-and HSOj5" in sodium sulfate
electrolyte has been studied at graphite anodes.® The i—E curves were mod-
eled by the Butler—Volmer formalism (see Chapter 2). The overall oxidation
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has been modeled as first order in sulfite and bisulfite over a wide concentra-
tion range. Molecular SO, was observed to be oxidized with a Tafel slope of
280 mV /decade either on graphite or glassy carbon,6870 and the oxidation ki-
netics was found to decrease with increasing pH.71 Other studies on the oxida-
tion of sulfite or molecular SO, have been reviewed.®?

The reduction of sulfite has been studied by several authors using polarog-
raphy on Hg.6¢ The proposed reduction product in acidic medium is dithionite.
On the other hand, decomposition of dithionite has been implicated in the pro-
duction of the sulphoxylate ion, which subsequently dimerizes to thiosulfate.”2
Other authors conclude that the ultimate reduction product on Hg is sulfur
and sulfur dioxide.”® For Pt and gold electrodes, both sulfide and sulfur have
been reported as the reduction products.t67475 A recent voltammetric study
proposes the following scheme for reduction of Pt752:

Pt + HO + e 2 PtsH + OH-

PteHSO; + e @ PteSO32- + 1/2H,

PteH,50; + 2e- 2 PtSO3% + H,

PteH;0+ + e 2 H,O + 1/2H, + Pt
This scheme features differential adsorption of HSO5- and SO52- on Pt as a func-
tion of pH and concomitant hydrogen evolution.

The reduction of SO, in nonaqueous media such as dimethylformamide is
electrochemically reversible and generates the radical anion, SO; .76 Dimer-
ization of these radicals yields the dithionite anion, 5,042 and S;0¢%. This
process has been studied by UV-VIS spectroelectrochemistry.”” Much of the
interest in the nonaqueous electrochemistry of SO, stems from its applicability

in Li/SO, battery development.

Cyanide. Carbon forms with nitrogen, compounds such as cyanogen, (CN),
with properties similar to halogens. These “pseudohalogens” may be reduced:

(CN)y(g) + 2H* + 2e- 2 2HCN(aq) E°=0373V (3.35)

(CN)y(g) + 2e- 2 2CN- E°=-0176V (3.36)
These reactions, as well as the oxidation of cyanide to cyanate;

OCN- + 2H* + 2e- 2 CN- + H)O E'=-014V (3.37)

are electrochemically irreversible.
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Nitrate and NO,. The oxidation state of nitrogen in nitrate (NOy’) is +5.
The reduction of NOj5~:

NO;y + 2H* + 2e — NO, + H,0 (3.38)
proceeds very slowly at pH 3.0 because of proton depletion at the electrode
surface. On the other hand, aqueous nitric acid is a strong oxidizing agent
because of the following redox equilibria:

NOs(aq) + 4H*(aq) + 3e 2 NO(g) + 2 H,0() E°=0964  (3.39)

NOsy(ag) + 3H*(ag) + 2e" @ HNOy(aq) + H,0() E°=0928  (3.40)
The addition of a metal ion (e.g., Ni?*) which can be precipitated as a hydroxide

increases the rate of NOj;- reduction because of the concomitant lowering of the
interfacial pH. Further reduction of this species proceeds as follows:

+2 0
. 2
HNO, 0.983 NO 1.678 N, 0.275 NH,*

Hydrazine (N,Hy) is an intermediate reduction product of nitrogen that
also has environmental significance; the oxidation state of nitrogen in this com-
pound is -2. The reduction of hydrazine proceeds as follows in acidic and basic
media, respectively:

N,Hs*(aq) + 3H*(aq) + 2e & 2 NH,¥(aq) E°=1275V (341)

NyHyaq) + 2H,O() + 2e- & 2NH;z(aq) + 20H-(1) E°=0.10V (3.42)

It must be stressed that the redox behavior of the compounds of nitrogen

are all characterized by electrochemical irreversibility. Therefore, nitrogen fixa-
tion via

Na(g) + 3Hay(g) — 2 NH;(g) (3.43)

2N2(g) + 502(g) + 2H2O - 4NO3' + 4 H+ (344)

while thermodynamically feasible does not occur in practice because of the
kinetic irreversibility.
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Spectroscopic identification of the intermediates in the electroreduction of
NOj" on Ag has been carried out in situ using Raman spectroscopy’8 and mass
spectrometry.”? Interestingly enough, the UPD of Cd on single crystal Ag(111)
electrodes has been observed to catalyze the reduction of NO;™ ions.80 Thus,
the half-wave potential for the electroreduction of nitrate is most positive for
Agand Cd followed by Cu and Zn. Interesting effects have also been observed
of nitrate reduction during lead UPD on gold.81 On the other hand, Tl inhibits
the reduction on the low-index single crystal face of Ag.82

Carbon Dioxide and Carbon Monoxide. The electrolytic conversion of CO,
to useful fuels has both fundamental and practical significance. The relevant
standard reduction potentials in acidic and basic media are as follows:

>

cid

034
CHy(g) =222 » CH,0H(aq) <2232 » HCHO(aq) <293 o

.034
HCOOH(q) =222+ oy

Base

CHy(g) <22 » CH;0H(aq) =—2% » HCHO(aq) <27 »

0.034
HCOO (ag) <——— CO;¥(aq)

As with many of the reactions presented in this chapter, the preceding po-
tentials have only thermodynamic significance, and all these electrode reac-
tions proceed with a large overpotential. The electrode reaction of the system
CO,/CO:

CO,(g) + 2H*(aq) + 2e 2 CO(g) + H,0 E°=-0.106V  (3.49)

is also kinetically irreversible. In theory, CO, or CO32- may be reduced to el-
emental C:

CO,(g) + 4H* + 4e 2 C(s) + 2H,0 E'=0206V  (3.50)
COz2(ag) + 6H* + 4e- 2 C(s) + 3H,0 E°=0475V  (351)

Again, these reactions have very large overpotentials and are not observed in
aqueous media.
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The following standard potentials are available for the electroreduction of CO:
CO(g) + 6H* + 6e — CHyg) + H,O E°=0.260V (3.52)
CO(g) + 2H* + 2e — C(s) + H,0O E°=0.517V (3.53)

However, the hydrogeneration of CO is only slight83 and CO conversion yields
either squarate anions or dimeric species in nonaqueous solvents® and in me-
dia such as liquid ammonia.8

Ozone. An interesting aspect of the oxidizing action of ozone (O;) is that
only one of the oxygen atoms is reduced while the other two atoms form
dioxygen. The following standard reduction potentials are available for the
ozone-water couple in acid and base, respectively. In an acid,

O4(g) + 2H*aq) + 2 2 Oy(g) + HO() E°=2.075V (3.54)
In a base,
O4(g) + Hy,O() + 2 2 Oy(g) + 2 OH(aq) E°=1246V (3.55)

The high standard reduction potentials indicate that ozone ranks alongside
fluorine in the category of powerful oxidizing agents. In solution, ozone is
unstable with respect to decomposition into dioxygen:
Os(g) + HyO() = 20,(g) + 2H*(aq) + 2 E°=-0383V  (3.56a)
Ozone exhibits Tafel slopes ranging from 0.10 V t0 0.12 V in alkaline media
on a bright Pt cathode.8¢ These data are consistent with a rate-determining
electron-transfer step;
05(g) + e —» Oy (3.56b)
followed by the reaction of the ozonide ion with water:

Oy + H,0 - O, + *OH + OH- (3.56¢)

Oy + *OH — OH- + O (3.56d)
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3.34. Organometallic Compounds

The severe curtailment in the use of leaded gasoline reduces the signifi-
cance of organolead compounds in industrial effluents, although in many coun-
tries, the use of tetramethyl and tetraethyl lead as gasoline antiknock additives
still continues. The effluents from industries manufacturing these compounds
contain soluble trialkyl and dialkyl lead compounds, which present a serious
disposal problem.

The electrolytic formation of radicals opens up a route for the treatment of
these effluents. For example:

R3Pb- e R3Pb. + e
These radicals then dimerize, disproportionate, or decompose to give hydro-
carbons, tetraalkyl lead, or metallic lead, respectively. The dimers and trimers
are usually water soluble but higher oligomers form insoluble products, which
may be removed by filtration or sedimentation.

Early studies on tetraalkyl lead compounds found them to be
electroinactive.” More recently, polarography has been performed on
tetraphenyl-8 and tetraethyl- and tetramethyl lead®? in dichloromethane. The
oxidation of tetraphenyl lead is believed to proceed by the following sequence,8?

2PhPb + Hg — 2 PhyPb* + Ph,Hg + 2 e

2 PhsPb* + Hg — 2 PhyPb?+ + PhoyHg + 2 ¢
followed by

Ph,Hg + Hg — 2PhHg* + 2e"

On the other hand, the oxidation of tetraalkyl lead compounds involves an
one-electron process; for example,?0

EtsPb + Hg — Et;Pb® + EtHg* + ¢
2 Et3Pb. d Etész
Longer time domain measurements indicate further reactions of the kind

Me6Pb2 + MeHg* - Mest2+ + MezHg
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The major difference between the two groups of organolead compounds there-
fore is that the triphenyl lead radical dimerizes more slowly and remains avail-
able for follow-up chemistry.

In the preceding scheme, diphenyl mercury was polarographically detected
by its oxidation wave at +0.68 V (vs. Ag/AgCl/satd. LiCl, CH,Cl, reference).8?
On the other hand, PhHg* is electroinactive at mercury electrodes in the poten-
tial window from 0 to ~+0.80 V (vs. Ag/AgCl/ satd. LiCl, CH,Cl, reference).
Phenyl mercury compounds are generally reduced in two steps, both steps being
irreversible. Ethyl mercury chloride also yields two polarographic waves, and the
first wave is electrochemically reversible.®1 In the presence of sulfite at alkaline
pH, this wave is shifted to a more negative potential indicating complexation
of the sulfite with the compound. The second reduction wave is drawn out
and indicates an irreversible electron transfer process.

3.3.5.  Organo Derivatives of Arsenic, Phosphorus, and Sulfur

Organo arsenicals are generally reduced at potentials negative of -1.1 'V, al-
though the reduction mechanism is complex and not very well characterized. The
electrolytic reduction of organo arsenic acids such as methylarsonic acid (MMA,
1) and dimethyl arsinic acid (DMA, 2) (also see Table 1.8) has been studied.®2

CH,As(O)(OH), (CHs),As(O)(OH)
1 2

In buffers between pH 1.9 and 5.4, DMA displays a single polarographic re-
duction wave that is well separated from the hydrogen evolution reaction (HER)
regime. On the other hand, MMA yields a wave very close to the HER back-
ground. Electron stoichiometry values of 1.1 and 0.8 were obtained for the
bulk electrolysis of DMA and MMA, respectively.?2 The electrochemical data
for DMA suggest a mechanism based on the reaction

(CH3),As(O)OH + H* + e — (CH,3),As(O)OH,
Production of dimethyl arsine from DMA involves the reaction
(CH3),As(O)(OH) + 4e- + 4H* — (CH;),AsH + 2H,0
Mass spectrometric analysis of the trapped gaseous effluent from the bulk re-
duction indicated that volatile arsines were the major products.92 In this re-

gard, parallels have been drawn between the electrolytic route and natural
mechanisms for arsine generation from the acid in moist soils.?2
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Other polarographic studies on DMA and MMA have reached essentially
similar conclusions.?> Cyclic voltammetry has been performed on these com-
pounds and on 3-acetamido-4-hydroxyphenyl arsonic acid (3, acetarsone)?:

AsO(OH),
NHCOCH3

OH

3

Only acetarsone gave a reduction wave in the cathodic scan (see Figure
3.37). The reduction wave at ca. -0.8 V (vs. SCE) was assigned to the initial
reduction of 3 to the corresponding arsine.?* The anodic waves on the return
scan were attributed to the adsorption—-oxidation of the reduction product.

Current

Potential {V vs. SCE)

FIGURE 3.37. Cyclic voltammetry of 10° M acetarsone in 0.1 M sulfuric acid (scan rate 100 mV

s7, delay 6 s): (solid-line) anodic scan from 0 V; (dashed-line) cathodic scan from -1.1 V.
(Reproduced with permission from Spini et al.**)



3.3. Electrochemistry of Inorganic Pollutants 183

Clearly more work is needed to elucidate the mechanistic details associated
with the electrochemistry of organo arsenicals in general.

Organo phosphorus compounds are important in many pesticide formu-
lations. The polarographic behavior of O,0-diethyl O-p-nitrophenyl
thiophosphate, 4 (parathion)

S
I
(CH;0),P-O NO,

4

was investigated with a view to implementation as an assay procedure.?> The
electroactivity of this compound was associated with the reduction of the nitro
group to the amino group (see Section 3.2) although the reduction mechanism
was not investigated. A “decomposition potential” of -0.30 V (vs. SCE) and a
half-wave potential of -0.39 V (vs. SCE) was quoted in this study. p-Nitro—
phenyl, a major contaminant of technical grade parathion, was not found to
interfere although diethyl p-nitrophenyl phosphate, the oxygen analog of par-
athion, was found to exert an interference.

As with the arsenic derivatives, mechanistic details are largely lacking
and the studies have been motivated mainly by their analytical utility (see
Chapter 4).

Mechanistic information on the reduction reaction is, however, available
for model compounds such as tris (p-nitrophenyl) phosphate (TNP), 5, triphenyl
phosphine (TPP), 6, and triphenyl phosphine oxide (TPPO), 7.

(NO,CH40)3P=0 (CeHs)sP (CeHs)sP=0
5 6 7

The polarographic and voltammetric studies?6.97 were conducted in a nonaque-
ous medium (dimethyl formamide). The electrochemical reduction of 6 is com-
plex and appears to proceed via an initial 2 e reaction:

(N02C6H4O)3PO + 2e — (N02C6H4O)3P02_
followed by hydrogen abstraction from the solvent, leading to
OH

(NO,C(H,0)PO-
OH
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as a possible intermediate. 4,4'-Dinitrobiphenyl was detected as an end prod-
uct, indicating that further reduction occurs by cleavage of the C-Obond while
the phosphorus—oxygen bond remains intact.

Reduction of TPP and TPPO appears to proceed via the formation of anion
radicals?:

(CeHs)sP + e — (CHs)sP®
(C6H5)3PO + e = (C6H5)3PO;

These radicals undergo follow-up chemical reactions, leading in the TPP case to
diphenyl phosphioicacid [(CgHs),PH] and, ultimately, biphenyl, a sequence remi-
niscent of the case of 6.

The electrochemistry of organic derivatives of P and As, particularly of the
type Ph,MX has been reported.®?

Sulfur forms a variety of organic derivatives including sulfones, sulfox-
ides, sulfides, disulfides and mercaptans or thiols. Some of these compounds
are notoriously malodorous. The following redox chemistry is representative:

sulfone sulfoxide
(CHj3),50,(g) + 2e + 2H*(aq) =g (CH3),SO(g) + H,O(l) E°=0238V (3.57)

sulfoxide sulfide
(CH;),S0(g) + 2e" + 2H*(aq) 2 (CH,),S(g) + H,0(1) E*=0.769 V (3.58)

disulfide thiol
(CH3),S,(8) + 2e + 2H*(aq) & 2 CH;SH(g) E°=0176V  (3.59)

These redox reactions are largely irreversible in terms of charge transfer kinet-
ics at the electrode-solution interface.

Aromatic and aliphatic compounds containing sulfur have been extensively
studied using a variety of electroanalytical techniques. Reviews of this body of
work are available.98-100 These studies include those of diaryl sulfides and
sulfoxides,101-104 dimethyl sulfides,105 thioethers,1% phenyl disulfides,!%7 and
compounds of the sort shown in structures 8-14:

M 8 M=CH, 10: M=S

9: M=CO 11: M =NH
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0

I
. S ' i :s/ S
12 13 14

Thus the electrochemical oxidation of 8, 10, 12, and 14 has been de-
scribed.108-113 Similarly, the electrolytic reduction of 8, 9, 10, 12, and 14 has
been studied.?0.110 In all these cases, initial radical cation (in the case of oxida-
tion) and radical anion (in the case of reduction) formation is rapidly followed
by chemical reactions involving these radicals. In some instances (e.g.,
thianthrene), the radical cation and even the dication are exceptionally stable in
nonaqueous solvents.

Severe loss of electrode activity is associated with the anodic oxidation of
many sulfur compounds. Reproducible I-E behavior is often obtained only
when the electrode is repeatedly cycled between the positive and negative lim-
its of the solvent window prior to a recorded scan. A method to circumvent this
electrode passivation has been developed, based on pulsed amperometry.114
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Figure 3.38. Current-potential curves for thiourea on a Pt RDE by cyclic voltammetry in 0.25 M
NaOH. Conditions: potential scan rate 6.0 V min; electrode rotation speed; 94 rad s?; concentra-
tions; (a) 0.00 mM; (b) 1.00 mM. (Reproduced with permission from Polta and Johnson.™)
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Figure 3.39. Triple-step potential waveforms for pulsed amperometric detection (PAD). Solid dot
indicates measurement of current. (Reproduced with permission from Polta and Johnson.!¥)

The case study of thiourea is representative of this approach although the
model substrate is not toxic.114 A typical cyclic voltammogram for thiourea is
shown in Figure 3.38 for a Pt rotating disc electrode (RDE). The set of waves
negative of ~-0.6 V (vs. SCE) correspond to the hydrogen evolution reaction.
The anodic wave at E >-0.3 V (vs. SCE) and the cathodic peak at-0.3 V (vs. SCE)
are caused by surface oxide formation and reduction, respectively, on Pt (in the
absence of thiourea). Thus, the O, evolution reaction manifests at E > 0.6 V (vs.
SCE) in this case.

In the presence of thiourea, the hydrogen waves of Pt are completely sup-
pressed indicating that thiourea is adsorbed onto Pt, and no free Pt sites are
available for hydrogen adsorption. Oxidation of thiourea produces the large
anodic wave and is severely inhibited by surface oxide formation as noted by
the dramatic current decrease on scan reversal. However, note the absence of
the surface oxide reduction wave in the presence of thiourea.

Apulsed amperometric detection (PAD) waveform was used, as illustrated
in Figure 3.39,114 and anodic peaks were detected for thiourea. A mechanism
consistent with these data is the 2 e- reduction of thiourea at E; in the region of
platinum oxide reduction (E <-0.4 V vs. SCE):
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NH, IIiIH

I
2 HobN —C =S ———»[H2N—C ——S] +2Ht+2¢€
2

The adsorbed formamidine disulfide was concluded as the culprit for loss of
electrode activity.114

We shall return to the analytical implications of PAD in Chapter 4.

The determination of trace amounts of organic compounds using
voltammetric stripping techniques is a growing discipline (see Chapter 4). An
important strategy for preconcentration of the analyte at the electrode (usually
a Hg film) surface is adsorption. A variety of sulfur compounds and several
non sulfur-containing organics (e.g., pterins, flavins, purines) have been deter-
mined in this manner; in many instances surface complex formation is involved,
as for example, in the mercury—thiol system.115 In fact, alkyl and phenyl mer-
cury compounds have long been used for the amperometric titration of sulfhy-
dryl and disulfide groups.?!

The polarographic behavior of the phenyl mercury and alkyl mercury com-
pounds has also been discussed in this connection,®! and the effect of added sul-
fur derivation such as sulfite, cysteine, cystine, and glutathione has been
noted.?1116 For example, the first wave for the reduction of ethyl mercury chlo-
ride (EMC) is reduced to half its value at amole ratio of cystine to EMC of 2:1, and
anew wave at more negative potential appears corresponding to the reduction of
ethyl mercury cysteinate, C,HsHgSR.?! Similarly, mercury(I) complexes of glu-
tathione (GSH) are known to adsorb on the Hg drop and are reduced:

GSHg + H* + e 2 GSH + Hg
The thiol group in biologically important sulfur compounds such as cys-
teine and glutathione can also complex with metal ions such as Cu(I). For

example, the following electrode mechanism has been proposed11¢ for the Cu(I)-
cysteine (RSH) system:

Cul + e 2 Cu(l)
Cu(l) + RSH — RSCu(l) + H*

RSCu(l) + Hg + 2e- + H* — RSH + Cu(Hg)
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FIGURE 3.40. Cyclic voltammogram of 5 uM glutathione, A, before and, B, after addition of 1 uM
copper in pH 8.5 seawater. Scan rate, 50 mV s; adsorption time, 60 s; adsorption potentials, A -
0.05 and B0 V. (Reproduced with permission from LeGall and Vanden Berg."®)

In the case of a disulfide such as cystine (RSSR), the complexing mecha-
nism is more complicated, as this compound must be reduced first,

RSSR + 2H" + 2e —» 2RSH

before complexation with Cu(I) can take place.

The degree of complexation is often quite sensitive to the oxidation state of
the metal ion. For example, the formation constants of Cu(I) with cysteine and
glutathione are quite high: log K = 20 and 13.8, respectively.117.118 On the other
hand, Cu(Il) complexes are not very stable (e.g., log K for the Cu(II) complex
with cystine is only 7.0119).

The cyclic voltammetry data in Figure 3.40 are representative of these
points.118 The voltammogram A (in the absence of added Cu(I)) contains a set
of reversible waves centered at ~-0.50 V corresponding to the reduction of the
Hg(I)-glutathione complex. Note the small difference in the peak potentials
for the forward and reverse waves, consistent with a surface confined com-
plex. Addition of Cu(l) to the system yields the sets of waves at ~-0.15 V (ca-
thodic) and -0.10 V (anodic) associated with uncomplexed Cu(I). Note that the
Cu(I) oxidation state is stabilized in the chloride matrix (see Section 3.3.1) as
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diagnosed by the fact that two 1 e- waves are seen for the reduction of Cu(II) in
this medium.118 The reduction wave at -0.65 V then corresponds to the Cu(I)-
glutathione complex. Both the 1:1 complex and its 1:2 (i.e., Cu(GS),) counter-
part have been identified by voltammetric experiments in this medium.118 As
is to be expected, the 1:1 complex is dominant at glutathione concentrations
below ~0.3 mM whereas the 1:2 complex is predominant at higher concentrations.118
Perhaps not surprising, such complexation effects are very metal specific. For
example, in a related study of complexes of Cu(I) with purines, no complexation
was noted when 107 M of several metal ions including Pb(II), Cd(II), Mn(IV),
Ni(II), was added to the medium.120

We shall defer further discussion of the electroanalytical implications of
these findings until Chapter 4.

In closing this section, we must note that organosulfur and organonitrogen
compounds have long been used as models to probe adsorption phenomena and
their kinetic consequences at electrode/electrolyte interfaces.’21 Apart from their
importance in biochemical reactions, amino acids such as cysteine and cystine
have also been employed as model substrates to study the electrocatalytic ac-
tivity of chemically modified electrode surfaces.1?2 The electrochemistry of
cystine and cysteine has been recently reviewed.123

3.4. SUMMARY

In this chapter, the electrochemical behavior of the three major (chemical)
categories of environmental pollutants, has been reviewed. This knowledge
base is very dispersed indeed, and an attempt has been made to consolidate it,
in this chapter. However, because of space constraints, many important details
undoubtedly have been omitted, and the reader is referred to the primary
sources listed as References 3, 5, 6, 9, and 10 in the Supplementary Reading list
that follows below.
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CHAPTER
Four

4.1. INTRODUCTION

Electrochemical methods for sensing pollutants may be categorized into
those based on (a) potentiometric, (b) amperometric—coulometric,(c)
voltammetric, and (d) conductometric approaches. Each of these will be dis-
cussed in turn. A further point of distinction pertains to whether the pollut-
ant is gaseous (e.g., ozone, H.S, CO, O,, NO,, SO ) or whether it is confined
to the solution phase. An electrochemical detector is also often a component
of a chromatography system for separating the constituents of a complex
mixture. Two such classes of composite instrumental systems, capillary elec-
trophoresis and ion chromatography, have made spectacular advances in
recent years. Alternatively, in scenarios wherein large numbers of similar
samples are to be analyzed, a flow-injection analysis (FIA) system can be
used in conjunction with electrochemical detection. Finally, this chapter ex-
plores situations in which electrochemical principles can be utilized not for
detection purposes but in a supportive role, as for example, for speciation
studies using furnace atomic absorption spectrometry.

Chromatography and atomic spectroscopy are the traditional workhorses
in environmental analysis laboratories against which electroanalytical ap-
proaches will have to compete for routine adoption. In this regard, com-
parative studies are available. For example, HPLC with amperometric de-
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Table 4.1. Relative Sensitivity of Some Electrochemical Techniques

Electrochemical Technique (Electrode)? Limit of Detection for Lead/M
DC polarography (DME) 2x 106

DC polarography (SMDE) 1x107.

DP polarography (DME) 8x108

DP polarography (SMDE) 1x107

DP anodic stripping voltammetry (HMDE) 2x10-10

SW anodic stripping voltammetry (HMDE) 1x10°10

DC anodic stripping voltammetry (MTFE) 5x 1011

DP anodic stripping voltammetry (MTFE) 1x 1011

SW anodic stripping voltammetry (MTFE) 5x 1012

2 DC = direct current; DP = differential pulse; SW = square wave; DME = dropping mercury
electrode; SMDE = static mercury drop electrode; HMDE = hanging mercury drop electrode;
MTEFE = mercury thin film electrode.

Source: From T. M. Florence, Analyst (London) 111, 489 (1986).

tection was used for the trace analysis of 3,4-dichloroaniline and found to out-
perform GC and HPLC/UV techniques.' Similarly, electrochemical and UV
detection were compared for microcolumn HPLC determination of trace quan-
tities of phenylurea herbicides in water.? Electrochemical detection was found
to offer the advantage of higher selectivity when heavily contaminated water
was used by detecting only the redox active components. Other studies report
a 10 fold improvement in detection limit with electrochemical detection as op-
posed to UV absorbance and fluorescence methods.?> Another pulsed
amperometric detection (see Section 3.3) study of amino acid separation by
anion-exchange chromatography reports greater sensitivity than ninhydrin
derivatization with UV absorbance detection.* Obviously, it is difficult to make
generalizations when comparing variant approaches; nonetheless two posi-
tive features with electroanalysis of pollutants can hardly be refuted: (a) they
are more amenable to use at field sites because of their portability, and (b) they
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Environmental analysis

Medium for analysis-
gas phase or liquid phase?

Batch (“beaker”) or flow?

Alarm response or quantification?

Prior separation needed
(i.e.,, via chromatography)?

Potentiometric or dynamic
electroanalysis?

Specific type of dynamic
electroanalysis?

FIGURE 4.1. Decision tree in the adoption of electrochemical techniques for environmental
analyses.

are likely to be more cost effective. Electroanalytical instrumentation is signifi-
cantly less expensive than its spectroscopic and chromatography counterparts,
and it is unlikely that this trend will change in the near future. The scales are
tilted even more in favor of electrochemical methods when the current trend
toward the use of hyphenated methods (e.g., ICP-MS) is considered.

Table 4.1 provides a taste of what can be achieved in terms of detection limits
using electroanalyses.”> However, these methods do suffer from several draw-
backs. Perhaps the most vexing are problems associated with fouling of the sens-
ing electrode surface. This has disastrous consequences for on-line continuous
monitoring applications in terms of stable, long-term performance. While a va-
riety of cleansing and surface regeneration strategies are being refined,® the solu-
tion may well lie with the use of low-cost, disposable electrochemical sensors.
This certainly appears to be the trend in the related biosensor field.
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Electrochemical methods appear to hold much promise for trace metal spe-
ciation applications.” Nonetheless, electrochemical methods in general do not
afford knowledge on individual ion activities. Ion-selective electrode (ISE)
potentiometry does have this virtue but suffers from rather poor sensitivity for
trace analyses. Further, dynamic electroanalytical methods such as voltammetry
and polarography (see Section 2.6.2) utilize current signals that may perturb
ionic equilibria in the environmental medium to be sampled. However, this
difficulty is not unique to electroanalyses.

Figure 4.1 contains a decision tree for the implementation of electroanaly-
ses in environmental applications. The performance criteria widely vary. For
example, monitoring of the performance of waste treatment equipment requires
only an on-off alarm response from the sensor. On the other hand, “end-of-
the-pipe” discharge monitoring and monitoring of drinking water quality re-
quire stringent performance from the sensor at ppm and ppb levels.

4.2. FLOW INJECTION ANALYSIS

The flow injection method is a relatively new concept for continuous flow
analysis of discrete samples.” This method can be combined with any of the
four types of electroanalytical techniques to be reviewed next. Flow injection
analysis is based on the injection of small (usually a few uL) aliquots of a liquid
sample into a moving, nonsegmented continuous carrier stream of a suitable
liquid. The injected sample forms a zone (see Figure 4.2), which is then trans-

Direction of Flow

L _A_a A

(a) ) (c) (d)

FIGURE 4.2. Diagrammatic representation of effects of convection and radial diffusion on con-
centration profiles of samples monitored at a suitable distance downstream from injection: (a) no
dispersion; (b) dispersion predominantly by convection; (c) dispersion by convection; and (d) dis-
persion predominantly by diffusion. [Reproduced with permission from Anal. Chem. 50, 836A
(1978)]
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ported toward a detector. A peak-shaped response is usually obtained at the
detector as the sample “plug” flows past it (see Figure 4.3). The simplest FIA
system consists of a pump, an injection port, and a reaction coil in which the
sample zone disperses (and often reacts with a derivatizing agent) in the car-
rier stream (see Figure 4.3). The requirements for the pump and the injection
port are not unlike those used in a HPLC system. The tube dimensions (nomi-
nally a few mm internal diameter) and the volumetric flow rates employed (a
few mL/min) are also comparable in the two cases. A major difference be-
tween FIA and HPLC is that the former operates around ambient pressures
whereas substantially higher pressures (well over 70 atm) are employed in HPLC
because the liquid has to be forced through a column in this case. The basic
operating principle is also different in the two cases. Column separation is
based on equilibrium partitioning and elution phenomena. In FIA, on the other
hand, the sample zone travels with the same speed as the
carrier stream through an open narrow tube usually at conditions approaching
laminar flow. The key process in FIA is sample dispersion.

Figure 4.4 illustrates the concept of dispersion. The dispersion parameter
D’ is given by

D = c’ =£(1const'
c™ax  H const"

4.1)

$

I
® =

FIGURE 4.3. Single-line FIA manifold (a) with typical recorder output (b} as obtained with a
spectrophotometric flow-through cell: R, carrier stream of a reagent; S, sample injection; FC, flow-
through cell; W, waste; H, peak height; and T, residence time. (Reproduced with permission from
J. Ruzicka and E.H. Hansen, “Flow Injection Analysis.” Wiley, New York, 1981.)
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FIGURE 44. Dispersion D' in the FIA system defined as the ratio between the original concentra-
tion C° and the concentration of the dispersed species (C™or C#!). (Reproduced with permission
from J. Ruzicka and E.H. Hansen, “Flow Injection Analysis.” Wiley, New York, 1981.)

Thus a value of D’ = 2 corresponds to a 1:1 dilution of the sample with the
carrier stream. Given that dispersion dictates the time between sample injection,
considerable effort has gone into modeling dispersion in cylindrical tubes.®°
These models show that a bolus introduced into a flowing stream will be dis-
torted from its original shape as a result of convective and dispersive forces.
The Vanderslice model’ numerically integrates the convection—diffusion equa-
tion for laminar flow, and affords estimates for ¢, (the initial appearance time)
and At (the base width of a peak after the injection of sample).

These expressions are as follows:

109 a2D%% ([ \'*®
p=—2iz L (4.2)
f u
35.4 azf L\
At = Tos'é—(; (4.3)

In Egs. (4.2) and (4.3), a is the tube radius (cm), L is the tubing length (cm), u is
the flow rate (mL/min), D is the diffusion coefficient of the sample (cm?/s),
and f is a correction factor to take into account the variation of detector sensi-
tivity to afford equal peak height under different experimental conditions (e.g.,
different flow rates).
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The range of validity of Egs. (4.2) and (4.3) and the underlying model as-
sumptions have been discussed.” Experimentally, the simplest way for char-
acterizing the dispersion in a given FIA system is to inject a well-defined vol-
ume of dye solution into a colorless buffer stream and continuously monitor
the absorbance. The height of the signal (H) obtained under these conditions
can then be compared with the signal recorded (H°) when the flow cell is filled
with undiluted dye (see Figure 4.4). An interesting electrochemical approach to
this measurement using ultramicroelectrodes (e.g., electrodes of pm dimen-
sions) has been described.’

The requirements for electrochemical detectors in FIA systems center mainly
around the fact that if the analyte is not effectively transferred from the bulk of
the solution to the diffusion layer and across the diffusion layer to the sensor
surface, it simply will not be sensed. The detector geometries shown in Figure
4.5 illustrate this; the straight measuring channel in Figure 4.5a has the diffi-
culty that is exacerbated if the sensor surface (S), because of faulty construc-
tion, is recessed in the wall. Wall-jet detector cells are more reliable and yield
faster response and higher sensitivity (see later). These are commonly used for
voltammetric detectors as we shall soon see. A cascade-type flow cell (Figure
4.5b) is a further extension of this principle.* A wire-type detector (Figure
4.5¢)¥1° samples the central, most rapidly moving section of the dispersion zone
and has the advantage that the sensing surface is rapidly washed when the
(distorted) sample bolus has moved downstream.

We next review the capabilities of each of the four classes of electroanalyti-
cal methods along with combined approaches for the monitoring of environ-
mental pollutants.

®

FIGURE 4.5. Electrochemical detectors (S, sensitive surface): (a) annular sensor; (b) cascade-type
sensor; (¢) wire-type sensor. (Reproduced with permission from J. Ruzicka and E.H. Hansen, “Flow
Injection Analysis.” Wiley, New York, 1981.)
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4.3. POTENTIOMETRIC SENSORS

These types of sensors rely on the relationship between the voltage in an
electrochemical cell and the concentration (strictly, the activity) of the chemical
species in the sample (Section 2.6.1). In the broadest sense, the voltage mea-
surement can be performed at any cell current; however, the vast majority of
these sensors operate in the “zero current potentiometry” mode. A further
point of subdivision is whether the sensor is a symmetrical device (e.g., ISE) or
has an asymmetrical configuration of the selective membrane with respect to
the sample. The latter has the advantage over the symmetrical ISEs of rugged-
ness. Potentiometric sensors can also be categorized into those utilizing an
internal reference solution and solid-state sensors requiring no internal solu-
tion. Much work has been devoted in recent years to the development of the
latter due to the ease with which these sensors can be miniaturized. Solid-state
gas sensors are invariably asymmetrical. Table 4.2 contains a classification of
potentiometric sensors based on the nature of the sensor membrane material.
Many of these are now commercially available. Figure 4.6 schematizes the
underlying principle of an ISE.

The most critical component of a potentiometric sensor is the nature of the
membrane itself. The membrane electrode should equilibrate rapidly, should
change only in response to an ion of interest, and preferably change linearly
with the concentration of this species. The origins of the membrane potential
are not fully understood but are believed to be related to Donnan equilibria
(ion partitioning) on both sides of the membrane as well as diffusion through
the membrane (see Section 2.6.1). The understanding of transport phenomena
in polymer-membrane systems is an area of active research.

Selective binding

Membrane phase / sites

Charge separation
across interface

Sample phase

L N
+ =+ =+ =t =+ =+ =
e I L

FIGURE 4.6. The ISE membrane extracts target ions leaving behind the co-ions. The resulting
charge separation established across the sample-membrane interface generates a potential that is
related to the concentration of the target ions in the sample. (Pac Man is a licensed TM, ©1980,
Bally Midway Mfg. Co., all rights reserved. Reproduced with permission from Czaban?.)
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Table 4.2. Types of ISEs Based on the Nature of the Sensor Membrane Material

Analyte Ion Membrane Description
HY, alkali metal Glass Usually formed from lithia, alumino-
cations, Ag* silicate or multicomponent glasses.

Replacement of silica with alumina
affords ISEs with increased
selectivity towards alkali and silver
ions

Various cations or Liquid ion exchanger An organic (hydrophobic) liquid

anions (refer to text) phase incorporating mobile ions such
as hydrophobic acids, bases, or salts
is employed

Cations Neutral carrier liquid An organic solution of an electrically

neutral ionophore is held in an inert
polymer matrix

Anions and cations Solid state The membrane contains an insoluble
salt of one of the species sensed or
has sites capable of interacting with
the analyte ion.

The selectivity of glass membranes made of Na,O-AlLO,~-5i0, mixtures
depends on the composition of the glass and are used for the determination of
hydrogen ion activity (pH). Some compositions are more selective to the alkali
metal ions than toward the hydrogen ion and vice versa. Atlow pH, the electro-
des primarily are sensitive only to the hydrogen ion, while at higher pH values
responses of the alkali metal ions, sodium, lithium, and potassium become more
influential. The pH glass electrode was the first commercial ISE and remains
one of the most important standard laboratory devices.

Liquid membrane electrodes with electrically charged ion exchange sites
generally show permselectivity to oppositely charged counterions. The selectiv-
ity between different counterions of the same charge is dictated mainly by the
extraction behavior of the solvating membrane medium. The partition coeffi-
cients are small for counterions that are strongly hydrated in the aqueous phase.
Therefore, the following selectivity ordering applies for cations and anions,
respectively:

R*>Cs*>Rb* > K* > Na* > Li*
R >ClO;,>I'>NO,; ~Br>ClI'>F
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Table 4.3. Representative Examples of Studies of Potentiometric Ion Sensors Based
on Conducting Polymers and Chemically Modified Electrode Surfaces

Membrane/Coating Analyte Ion(s)

Graphite modified with poly(pyrenamine) H*

Metal (Ir, Pb, Pd) oxides H

Polyaniline or polyphenol H*

Poly(vinyl chloride) modified Na*t

with a calixarene ionophore and a polypyrrole solid contact

PVC modified for improved adhesion NH*, Kt

PVC modified with Sn(IV) and Mn(IlII) porphyrins ClO4, 1047, SCN, T, etc.
Glassy carbon modified with electropolymerized Co(Ill) SCN7, Cl047, 17, NO3', etc.
porphyrin

Cyclodextrin Anionic surfactants

In the presence of complexation between the ionic sites and the counterions,
the potentiometric selectivity trends become more complex.

Neutral carrier membrane electrodes exploit the intrinsically outstanding
specificity of certain natural and synthetic ionophores. The ion binding selec-
tivity of such electrically neutral complexing agents can be fully exploited, un-
like in the liquid ion—exchanger counterparts. For example, the selectivity of
neutral carrier membranes among different cations of the same charge is virtu-
ally determined by the stability constants of the ion—carrier complexes involved.
The following selectivity applies to the ionophore valinomycin in both biologi-
cal and artificial membrane systems:

Rb* 2 K* 2 Cs* >>Na'* >Li*

Solid-state membrane electrodes are used primarily as sensors for those
kinds of ions that are constituents of the insoluble salt forming the membrane.
In addition, they enable the detection of other species interacting with the ionic
sites of the membrane material. Perhaps the best-known examples of this cat-
egory are the silver halide membranes. These serve as sensors for silver ions,
halide ions, and sulfide ions as well as for ligands that form stable complexes
with the silver ion (e.g., SCN°, CN). The selectivity sequence is as follows:

S*>>I >Br ~SCN >Cl
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Table 4.4. Examples of Non-glass Potentiometric Membrane Electrodes of

Environmental Import

Analyte(s) Active Material Matrix/Membrane?
A+, POy Manganese(III) phosphate, Silicone rubber

aluminum oxine
mt Tl salts of molybdo (or tungsto) Epoxy

phosphoric acid
Cdz+ CdS + AgsS (or CdS) —
Pb2+ PbS + AgyS Polyethylene

PbS Silicone rubber
Hg2+ HgS + Ag,S (coated on —

Ag wire)
Cu2+ CuS + AgS —

Cuj gSe —

Cus —
F LaFj; crystal Silicone rubber
Selenium 3,3'-diamino benzidine Liquid membrane
NO3~ Nickel phenanthroline Carbon paste
CN- Agl + Ag)S —

Agl Silicone rubber
Cr(VI) Iron phenanthroline Liquid membrane
Surfactant Detergent + quaternary ammonium PVC-coated Pt wire

chloride
AgsS

Silicone rubber

? The matrix is shown only for the heterogeneous membrane cases. In the other cases, the mem-
brane is homogeneous in composition as given by the second column.

Another advanced solid-state membrane is the lanthanum fluoride crystal
doped with EuF, for the determination of fluoride. These electrodes exhibit a
stable and reproducible response selective for fluoride, provided the solution
pH remains neutral or lower.

The scope of solid-state membrane sensors has considerably broadened
with the advent of new materials (e.g., electronically conductive polymers) and
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electrode surface modification schemes.®** Table 4.3 contains some examples
of the new possibilities. Finally, Table 4.4 contains further examples of poten-
tiometric sensor designs, especially those of environmental import. The con-
tents of Tables 4.2 — 4.4 show that the range and versatility of potentiometric
sensor designs ultimately may be limited only by the ingenuity with which
new chemical schemes may be devised as a basis for sensor operation.

An active area of research has centered on the question of transport rates
across membranes containing ionophores and membrane morphological issues
such as microviscosity. For example, studies of PVC membranes by nuclear
magnetic resonance spectrometry indicate the existence of a water-rich surface
region.”” The ratio of such ionic sites to carriers appears to be an important
factor in membrane selectivity.’®

4.3.1.  Speciation Studies

The virtues of ISEs for speciation analyses were alluded to in an introduc-
tory section. Copper serves as a good model system for illustrating this point.
Copper(Il) is present in natural water in a variety of forms: Cu*, CuCO,,
Cu(CO,),*, CuHCO,*, CuOH*, CuCl*, and so forth. On the other hand, in sea-
water only 0.02 — 2% of dissolved Cu(Il) is accounted for by inorganic species;
the remainder is present as organic species.” Importantly, it appears that free
Cu(IT) and not the total Cu(Il) is responsible for this metal’s toxicity. Thus,
environmental monitoring of marine water quality requires a free Cu(Il) ion
sensor. A Cu(II) ISE has the potential to fulfill this requirement although chlo-
ride ion intereference is a major problem with its implementation.

Most Cu(lI) ISEs are based on the use of a chalcogenide layer (e.g. CuS,
Cu, Se or copper/silver sulfide). The potential of this ISE is then dictated by
the amount of Cu” released by a surface exchange reaction, for example,

CuS,, + Cu*  +==S  +2Cu" 44)

In the presence of chloride, however, stable copper(I)—~chloro complexes
are formed decreasing the level of Cu* and the electrode potential. A Nafion
membrane coating has been found to alleviate the chloride interference in Cu(II)
ISEs.?’ On the other hand, kinetic limitations of Reaction (4.4) have been claimed
to also ameliorate the chloride interference.” These limitations arise from the
very low concentration of free Cu(II) (10** — 10" M) in seawater. Thus Cu, Se
and CuS/Ag.S electrodes have been reported to yield Nernstian response in
the range 10 — 10° M free Cu(II) in Cu(II)-ethylenediamine buffers also con-
taining 0.6 M NaCl.” Figure 4.7 contains representative data from this study.
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FIGURE 4.7. Potentiometric response curves of Cu(Il) electrodes in Cu(Il)-ethylenediamine (en)
buffers: (a) Cu ,,Se; (b) Ag, .Cu,S. The graphical marks indicate the following: (T0) bare electrode
in chloride-free standards above 107 M Cu?; (A) bare electrode in Cu(ll)-en buffers containing
0.6 M NaCl. (Reproduced with permission from DeMarco'®.)

4.3.2.  Solid State and Gas Sensors

Potentiometric gas sensors have been a topic of intense activity in recent
years. A major technological incentive for these studies is in the area of auto-
motive engine combustion and exhaust emission monitors. In one type of sen-
sor design, gas permeable membranes (e.g., Nafion and poly(ethylene oxide))
are used to separate the analyte solution from an internal reference solution.
The gas diffuses through the membrane into the internal reference solution,
which is in contact with an ISE. The electrolyte and ISE are chosen to introduce
selectivity into the assay. A thin, semi-permeable membrane along with a thin
layer of the internal reference solution ensures fast equilibration times. Figure
4.8 illustrates the operating principle of a potentiometric gas electrode with
CO, shown as the test analyte.?! In this design, CO, diffuses through the mem-
brane, and then is hydrolyzed to carbonic acid. The dissociation of the latter
generates protons and thus alters the pH of the buffer layer. This pH change is
sensed by a pH-reference electrode combination.
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FIGURE 4.8. Schematic diagram of a potentiometric gas electrode. In the CO, electrode shown
here, CO, diffuses through the membrane and is hydrolyzed to carbonic acid. The carbonic acid
dissociates, the pH of the buffer solution is changed, and the pH change is monitored by the pH-
reference electrode combination. (Reproduced with permission from Czaban?'.)

Solid-state gas potentiometric sensors have the advantage that they con-
tain no water or liquid electrolyte and are thus amenable to miniaturization.
The technological developments in this area have been made possible by the
advent of solid electrolytes such as fast or super-ion conductors (e.g., NASICON).
The selectivity in these all-solid-state devices is built in, using a suitable sens-
ing layer composed of, for example, carbonates (for CO,), sulfates (for SO ),
nitrates (for NO,), or oxides (for O,). Problems with suitable reference elec-
trodes in these systems have been recognized and discussed.”? Sensors with -
alumina as the solid electrolyte have been shown to exhibit Nernstian response
to SO_and NO, at temperatures in the range 500-700°C and 150-220°C, respec-
tively.??* The temperature dependence of the response of similar arsine sen-
sors has been analyzed.® Other electrolytes include the use of zirconia and
lanthanide fluorides.

The rapid developments in microelectronics have spurred exploration of
the utility of semiconductor-based devices for environmental sensing. Such
ISFETs or CHEMFETs (the acronym, FET denotes field-effect transistor) can be
used in place of ISEs. A major advantage with their use is their small size and
their low-impedance output. Most ISEs have very high output impedance (ca.
10° - 10° Q), placing stringent requirements on the input impedance of the
measuring instrument. Measurements on high-impedance devices are also
prone to capacitive and electrostatic noise interference, necessitating special
shielding and/or data treatment procedures. On the other hand, a major diffi-
culty with the use of ISFETs is the preparation of ion-selective membranes on
the FET surfaces. The devices also require frequent calibration and the signal
is often not very stable. Nonetheless, complex bilayers and calix(4)arene/PVC
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membranes applied to the ISFET gate are claimed to yield a Nernstian response
to Na* and anions, respectively.?® Polyaniline-mercury composite forms a
charge-transfer complex with gaseous HCN that can be measured
potentiometrically either with a Kelvin probe or using a FET.”

Gas adsorption often alters the barrier height at semiconductor-metal
Schottky diode contacts as a result of surface dipole effects.® This modulation
can be exploited for sensing purposes in a potentiometric device.

4.3.3.  Flow Systems

Flow-through systems employing ISEs can be used for continuous moni-
toring of environmental processes especially in the analysis of waters. They
have often displaced the more complicated flame photometric and absorbance
measurement-based detection systems, especially in FIA applications. Unlike
spectrometric methods, measurements with ISEs are not affected by the origi-
nal sample color or medium turbidity. The measurement is also nondestruc-
tive unlike flame photometry. The ISE-based FIA systems also feature a sim-
pler manifold.

Flow cells with ISEs also suffer from several drawbacks. First is the re-
sponse time. Under optimal conditions in sufficiently concentrated solutions
of the analyte, where mass transport limitations are minimized, solid-state po-
tentiometric sensors have a response time of a few ms. Liquid membrane-
based ISEs have a corresponding time constant of a few seconds. However, at
low analyte concentrations, the response time increases to tens of seconds or
even several minutes. This situation generally can be ameliorated by enhance-
ment of the analyte mass transfer (by employing high flow rates, turbulence,
etc.), but the improvements are modest. Hence, ISEs are rarely used for HPLC
detection. Another difficulty in this context is that related to the selectivity of
the ISE electrode. Sensor selectivity is a virtue in continuous monitoring, but it
is a drawback for HPLC detection where the detector must respond to all the
eluents from the column!

A second difficulty with ISEs is associated with the reference electrode.
Reference electrodes (especially those of the “second kind”) are difficult to cali-
brate under flow conditions. They also exhibit poorly reproducible liquid junc-
tion potentials and are often prone to blockage at the bridge or frit. These
problems are tackled in three ways. (1) The measurement is made without a
reference electrode by employing two ISEs. This approach then yields the ratio
of the activities of two ions, such as Na* and K*. (2) A reference electrode with
slow electrolyte leakage through a capillary junction can be used. (3) A refer-
ence electrode with the electrolyte immobilized in a gel or polymeric matrix is
used. Itis always good practice to place the reference electrode downstream
from the ISE, to avoid intereference from the electrolyte leaking from the bridge.
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A third difficulty with flow potentiometry is parasitic potentials. For ex-
ample, streaming potentials (see Section 2.10) that arise from electrokinetic
phenomena may amount to several hundred mV in worst-case scenarios. The
effect of streaming potentials decreases with increasing concentration of the
supporting electrolyte and is usually negligible at concentrations higher than
~0.1 M, provided that the flow rate and the liquid composition are constant.
Peristaltic pumps (often used in FIA systems) cause considerable fluctuation
of the potentials. This problem can be solved by the use of pulseless pumps or
alleviated to an extent by electrical isolation of the pump from the detector cell
or by the placement of a grounding electrode in the liquid stream.

Flow cells for use with ISEs were discussed earlier and can vary from the
simplest flow-through designs to more complicated versions. Representative
designs are contained in Figure 4.5. The wall-jet design is widely used for
electrochemical flow detectors (see earlier). Note that, in the cascade-type cell
(Figure 4.5b), the reference electrode is placed in the electrolyte and the ISE is
not in contact with the latter.® Electrical contact is provided by a thin film of
liquid flowing along the ISE membrane. Coated-wire ISEs, in which the inter-
nal reference solution is eliminated, have the advantage for flow measurements
of better selectivity and amenability to miniaturization. However, their re-
sponse often is unstable. Other designs of low-volume, flow-through poten-
tiometric electrodes include an ISE fitted with a plastic cap with an inlet and
outlet for the flow stream.**' Multi-ion detectors based on ISFETs have also
been combined with a miniaturized FIA system that was assembled by
micromachining.*

Potentiometric detection has been combined with ion chromatography,®
open-tubular column liquid chromatography,* and capillary zone electrophore-
sis.*® Along with miniaturization, another important development has been
the advent of ISE arrays.*®* This multiple detector approach partially circum-
vents the difficulty with the use of ISE detectors in liquid chromatography of
selectivity (see earlier). For example, an array ISE detector can be designed for
response to a targeted set of analytes along with a sparingly selective electrode
as a “universal” detector.’2® An array of five ISEs and one reference electrode
was used to eliminate Cl" and Br interferences in the environmental determi-
nation of Hg in water.* Chemometrics can be a useful tool in the interpretation
of data from array electrodes.®*? A review of electrochemical sensor arrays is
available.”

4.3.4.  Examples of Environmental Applications of Potentiometric Sensors
Bromide, chloride, and fluoride ISEs were used for the analysis of snow

and rain accumulated at different locations in and around industrial Hamilton,
Ontario.® Seasonal variations in the aerosol composition were registered and
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attributed to variables such as the origin and physical character of storms and
continental versus maritime influences in Canada. Bromide and chloride val-
ues were reasonably constant, while high fluorides correlated with localized
industrial pollution.®

Ion-selective electrodes have been widely employed for measuring fluo-
ride, nitrate, cyanide, sulfide, carbonates, and ammonia/ammonium in potable
waters, rivers, estuaries, effluents, boilerfeeds, stream condensates, and sea-
water. These analyses are relatively inexpensive and, more important, unlike
optical assays are unaffected by sample color and turbidity. The hydrochemical
conditions in natural waters can be conveniently characterized via the master
variables pH and pe (pe = -log, a4, where a_is the electron activity). Commer-
cial pH and pe probes have problems in certain aquatic environments associ-
ated with the temperature and pressure sensitivity of reference electrode po-
tentials, and the susceptibility of the latter to hydrogen sulfide interference.
(Sulphide bearing waters, for example, occur in the hypolimnion of stratified
lakes, anoxic fjords, and the Black Sea.) A further operational difficulty is the
transmission of the very weak glass electrode output signals. These difficulties
have been recently addressed via the development of a new liquid—junction
potentiometric probe for the in situ monitoring of pH, pH,S, and redox poten-
tial.*#* Field data from Lake Kinneret, Israel are reported in this study.

Fluoride is an environmental double-edged sword that needs monitoring,
since it is harmful at levels >1.2 — 1.5 ppm in potable waters, while too little
promotes dental cavities. Industrial fallout rapidly increases the fluoride lev-
els in local vegetation and surface waters. An early study® on different types
of waters (city, well, sea, and waste) evaluated several techniques for fluoride
assay and concluded that the potentiometric approach surpassed the others in
accuracy, convenience and recovery capacity.

Total inorganic nitrogen as ammonia/ammonium, nitrate, or nitrite is of
considerable analytical importance in pollution and process control. High ni-
trate and low ammonia in river waters, for example, are diagnostic of an oxida-
tive environment. An analytical problem often encountered is that of nitrate
reduction (to nitrite) upon storage. Thus, water analyses could give acceptable
nitrate levels that are grossly misleading in that toxic nitrites may be present
due to delayed analysis after sampling.

Chloride in boilerfeeds and steam condensates causes corrosive acid con-
ditions and must be kept below specified limits. Thus, chloride ISEs can be
profitably employed in these continuous analysis scenarios. A related applica-
tion is monitoring of sodium water levels in power stations. The detection of
sodium in boilerfeeds and condensates is important for diagnosing the ingress
of cooling water from condenser leaks. This may be accomplished via a so-
dium ISE.

At one stage in Kraft pulping, highly alkaline spent liquor is oxidized to



218 Chapter 4

offset sulfur losses and reduce the release of volatile odors. Potentiometry has
been used for monitoring the species evolving during oxygen or air sparging
of black liquors.* These authors concluded that simple inorganic sulfides (which
are essentially uncomplexed) are rapidly oxidized first while the organosulfur
compounds (mercaptans, alkyl sulfides, etc.) are oxidized much more slowly.

Plating baths must be maintained within strict specification limits to as-
sume trouble-free and high-quality performance. The ISE approach can be
used for monitoring practically all ions in industrial plating baths. These in-
clude cyanide, chromate, fluoride, copper, chloride, and sulfate.

Potentiometric detection can be combined with a FIA system for handling
large numbers of samples. This combined approach has been used for the de-
termination of nitrate and total nitrogen in environmental samples,“** calcium
and sulfide in potable and natural waters,* and for the indirect assay of sulfate
with a lead ISE.** Figure 4.9 contains a schematic of a FIA system for
the determination of free cyanide in flow streams based on diffusion of gas-
eous HCN through a gas-permeable membrane and subsequent indirect deter-
mination at a silver ISE.*> A detection limit of ~4 ppb is quoted for this tech-
nique. The heart of the system is the gas-permeable membrane that sequesters
the HCN from the acidified sample solution into the detector cell. A
microporous polytetrafluoroethylene membrane was found to afford the best
permeability and sensitivity of the various membranes that were tested in this
study.*

Other examples include a flow-through potentiometric sensor based on a
PVC-membrane for the continuous flow monitoring of nitrate in ground water,>>
a chalcogenide glass sensor for the determination of Tl* in natural and
wastewater,”® and an ISFET devise based on a PVC-sebacate membrane that is
selective to anionic detergents.’*

Potentiometric gas sensors of the type illustrated in Figure 4.8 are simple
and reliable, but they tend to have rather slow response and recovery time (a
few seconds to even minutes). The two most advanced sensors in this category
are the ammonia/ammonium and the CO, gas electrodes. The ammonia gas
electrode works by a principle similar to its CO, counterpart; that is, the NH,
molecules diffuse through a membrane and alter the pH of the internal filling
solution via hydrolysis. Amines will cause an interference as will a nonaqueous
sample or one containing surfactants, which “wet” the (hydrophobic) mem-
brane and allow liquid diffusion.

The determination of ammonium ion in airborne particulates is significant
since atmospheric ammonium sulfate is related to health, corrosion, and vis-
ibility problems. The colorimetric assay for ammoniacal nitrogen based on
indophenol dye generation is fraught with interference problems from sample
components and reagents invariably containing nitrogen contaminants. Thus
ammonium particulates and ammonia in cigarette smoke have been measured
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FIGURE 4.9. Schematic diagram of the cyanide flow analyzer. (Reproduced with permission
from Durst.%?)

with gas sensor electrodes.”** Ammonia in cigarette smoke exists as NH,* spe-
cies since the pH of such medium varies from 5.4 to 6.4.

Oxides of nitrogen (NO ) are singularly important species in the nitrogen
cycle (see Section 1.3.1). Over 60% of the gaseous NO, largely as nitric oxide,
emitted in the United States is from stationary combustion sources, although
automobile exhaust also contributes to atmospheric NO_pollution. These gas-
eous nitrogen species can be converted to nitrate and then measured with a
nitrate ISE. Alternately, nitrate can be in turn reduced to nitrite or ammonia
and then measured with the appropriate potentiometric sensor. The use of
sensors employing solid electrolytes for NO,_ determination was referred to
earlier in Section 4.3.2. A ceramic sensor employing NASICON as the solid
electrolyte and NaNO, solid electrode as the active material has been reported
for the low-temperature sensing of NO _.»

Sulfur dioxide levels in flue gases can often exceed 5,000 ppm. The content
of several flue gases has been indirectly measured after adsorption and oxida-
tion to sulfate by potentiometric titration with lead perchlorate.*® Alternatively,
sulfate could be determined with barium perchlorate to a potentiometric end-
point assay with a barium ISE.*” This brings up an important point: potentio-
metric titration often yields more reliable results than direct potentiometry since
the assay is based on many potential readings and standards are not needed.

Examples of other gaseous pollutants determined by potentiometry include
arsine and H.S. Thus an arsine sensor has been developed based on silver -
alumina as solid electrolyte; the estimated detection limit is 0.05 ppm. ®
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44. AMPEROMETRIC-COULOMETRIC AND VOLTAMMETRIC-
POLAROGRAPHIC DETECTION IN FLOW SYSTEMS

4.4.1.  Cell Design: General Considerations

As reviewed in Chapter 2, amperometric—coulometric and voltammetric—
polarographic approaches differ in the type of potential excitation applied to
the cell. In the former case, a constant potential is employed; in the latter case,
either a potential ramp or various pulse routines are applied (see Figure 2.17).
In amperometry and voltammetry, the response measured is the current,
whereas in coulometry, charge is the measured parameter. Another distinction
between amperometry or voltammetry, on the one hand, and coulometry, on
the other, relates to the extent of electrolyte conversion of the substrate at the
working (indicator) electrode surface. In the former, the degree of conversion
is low (a few percent) whereas 100% conversion is targeted in coulometry. In
this regard, coulometry is advantageous in that, if complete conversion can be
achieved and side reactions eliminated, the measurement can be absolute (i.e.,
no calibration is required). Unfortunately, this ideal is seldom achieved in prac-
tice.

All four techniques are employed most often in conjunction with a flow

stream, and usually as a detector for liquid chromatography column or FIA
system. Therefore, we shall dicuss aspects related to hydrodynamics and cell
design as one unit in this section. Some general criteria can be identified at the
outset; the flow cell detector must
* Afford a high signal-to-noise ratio
Have a low dead volume
Exhibit well-defined hydrodynamics
Have small ohmic drop
Enable easy dismantling, electrode cleaning, polishing, and the like.
As with the potentiometric detectors discussed earlier, the reference (and
counterelectrodes) must be located on the downstream side of the indicator
electrode to avoid interference from reference electrode solution leakage and
from a new complication not present in the potentiomery case; namely, the
influence of products generated at the counterelectrode.

An important factor in the design of a coulometric flow cell relates to the
requirement of complete electrolysis. This necessitates a large working elec-
trode area/cell volume ratio. The mobile phase flow rate must also be very
low if LC detection is the task at hand. These requirements are not compatible
with optimal separation in the LC column. On the other hand, the advent of
microbore and capillary LC columns and microporous working electrode ma-
terials (e.g., reticulated vitreous carbon) has revived interest in coulometric flow
detection. Other important advantages with coulometric detection include those
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FIGURE4.10. Concentration—distance profiles at a working-electrode/electrolyte interface under
two different hydrodynamic conditions: slow (a) and fast (b) rates of convective transport. Refer
to Figure 2.25. (Reproduced with permission from ]. Wang, “Analytical Electrochemistry.” VCH,
New York, 1994.)

related to the flow-rate independence of the measured signal and electroactive
derivative generation for the determination of electroinactive solutes in a flow
stream. Unlike in amperometry where the current is often very sensitive to
variations in the mobile phase flow rate, a time-integrated signal is accumu-
lated in coulometric detection.

In Chapter 2, the influence of substrate depletion at the working electrode
surface on the shape of the current-potential curve was discussed. We again
ignore the influence of electron-transfer kinetics at the electrode/electrolyte
interface (i.e., we assume a Nernstian regime) and examine the effect of con-
vective diffusion imposed by motion of the fluid relative to the working elec-
trode surface. The relevant expression for the mass-transfer limited regime of
a hydrodynamic voltammogram is

nFAD ,C3
I, = ———80—0 (4.5)

Again, the reduction of an electroactive species O is assumed and I, is the cor-
responding limiting current. The parameter & is the diffusion layer thickness
(see Figure 4.10).

Suppose that the electrolyte is now stirred at a rate U. The bulk concentra-
tion (C *) is maintained at a fixed distance from the electrode surface by the
stirring rate, that is, the diffusion layer is “pinned” by the value of U. An in-
crease in U shrinks the diffusion layer thickness according to the expression

§=— (4.6)

where B and o are constants for a given system of electrode geometry and
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Table 4.5. Limiting Current Response of Various Working Electrode Configurations

Electrode Geometry Limiting Current Expression?

Rotating disk 1=0.62nFC* A D2/3 1/2 y-1/6

Tubular =161 nEC* (DA/?/3 U1/3

Planar (parallel flow) 1=0.68 nFC* D2/3 y-1/6 (A/p)1/2 U1/2
Planar (perpendicular flow) 1=0.903 nFC* D2/3 v-1/6 A3/4 Uy1/2

Thin layer 1=1.47 nFC* (DA/b)2/3ul/3

Wall-jet 1= 0.898 nFC* D2/3 v-5/12 a-1/2 43/8 j3/4

Source: Adapted from H. B. Hanekamp, P. Bos and R. W. Frei, Trends Anal. Chem. 1, 135 (1982);
and J. Wang, “Analytical Electrochemistry.” VCH, New York, 1994.

4 g =diameter of inlet; A = electrode area; b = channel height; C* = bulk concentration (mM);
D = diffusion coefficient; v = kinematic viscosity; r = electrode radius; U = average volume
flow rate; u = flow velocity; = electrode rotation rate (rad/s).

electrolyte hydrodynamics (see later). Consequently, the concentration gradi-
ent becomes steeper (compare curves a and b in Figure 4.10) and the limiting
current increases proportionately.

The fluid velocity is not zero within the diffusion layer but increases from
a value of zero at the electrode surface (x = 0) to the value in the solution bulk.
This hydrodynamic boundary layer, 8, termed the Prandt! layer (see Section
2.8) is given by

& = (D,/V)\° 8, 4.7)

where v is the kinematic viscosity. For water, v= 102 cm?/s and if we assume a
nominal D, value for substrates in aqueous media (~10° cm?*/s), §,, is seen to
be ca. 10-fold larger than §, indicating negligible convection within the diffu-
sion layer (Figure 2.25).

Substitution of Eq. (4.6) into (4.5) yields a general current response expres-
sion for flow systems:
I, =nFAk C*U (4.7a)

L

where k_ is the mass-transport coefficient. A more rigorous approach utilizes
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solution of the three-dimensional convective diffusion equation with appro-
priate initial and boundary conditions. The resultant equations for a variety of
electrode geometries (discussed next) are summarized in Table 4.5.

4.4.2.  Specific Cell Designs and Electrode Geometries

Thin-layer (channel) and walljet configurations perhaps represent the two
most popular designs for electrochemical flow detection. Representative cells
of this type are illustrated in Figure 4.11 along with the tubular geometry (see
Table 4.5) and a flow-through cell incorporating a Hg-coated rotating disk
working electrode.

The thin-layer cell® relies on a thin layer of solution that flows parallel to
the (planar) electrode surface, which is imbedded in the flow channel (Figure
4.11a). The flow channel is defined by two plastic blocks pressing against a
Teflon gasket affording a small dead volume (~1 pL). The placement of the
counter- and reference electrodes relative to the indicator electrode is crucial to
maintaining a low ohmic drop, and cell designs to optimize this factor have
been described.®*

The term wall-jet was first introduced to describe the flow due to a jet of
fluid that spreads out over a planar surface, the fluid outside the jet being at
rest (Figure 4.11b).%2%* Application to electrochemical detection in flow streams
soon followed.** The liquid is often restricted from flowing in all directions
along the electrode surface (as in the classical design in Figure 4.11b) in order
to obtain the shortest possible distances (and hence the smallest ohmic drop)
between the three electrodes. The modified wall-jet design in Figure 4.12 ex-
emplifies this.*#* An ingenious detector design, which makes it possible to rap-
idly switch from a wall-jet configuration to thin-layer geometry by simply turn-
ing the bottom part of the cell 180°, has also been described.”” Large-volume
cells have also been described using the wall-jet geometry to avoid problems
associated with the precise machining and polishing of small flow channels.55”

}
f )
I | .
a b c d

FIGURE4.11. Schematic diagrams of thin-layer (a), wall-jet (b) tubular (c), and rotating (d) work-
ing electrode configurations.
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5

FIGURE 4.12. Modified wall-jet cell assembly: 1, PTFE blocks; 2, PTFE spacer; 3, inlet; 4, outlet; 5,
working electrode; 6, counter electrode; 7, reference electrode; 8, porous glass. (Reproduced with
permission from Fleet and Little.*)

However, these cells present rather large dead volumes (several pL), limiting
the range of liquid flow rates that can be used.

Tubular electrode designs (Figure 4.11c) have not been used as often as the
thin-layer and wall-jet geometries for HPLC detection. This is possibly be-
cause of difficulties in making them small enough for routine and reproducible
use. Tubular electrodes are also more difficult to clean and maintain. None-
theless, tubular cell geometry is particularly compatible with coulometric de-
tection. A variety of tubular cell designs have been discussed in the litera-
tur6.68'72

The rotating disk electrode configuration in Figure 4.11d offers a powerful
approach for diagnostic studies on electron-transfer kinetics at bare and chemi-
cally modified electrode surfaces. The Levich equation (Table 4.5) provides the
underlying theoretical framework for analysis of RDE voltammetry data. The
application of RDE geometry to the flow-through cell was prompted by con-
sideration of the dependence of the analytical signal on the flow rate.? The
rationale here is that, since mass transport to the electrode surface is governed
primarily by the electrode rotation speed, the analytical sensitivity is not se-
verely compromised even at low fluid flow-rates.

Polarographic detectors employing the dropping mercury electrode (DME)
have been constructed, ranging from rather large cells for process stream moni-
toring to smaller ones for HPLC detection. In spite of the key advantage of the
periodically renewed electrode surface, these detectors are less often used in
practice than their counterparts employing solid electrodes. This is because of
their rather complicated construction and problems with mechanical failure
(e.g., capillary blockage) during routine use. Nonetheless, a variety of designs
havebeen described,’*7¢ and a review is available.” Detector cells with station-
ary mercury electrodes have much simpler construction, and both stationary
Hg drop (Kemula design)”®”° and Hg film electrodes can be employed®* for
flow detection. Of course, these do have the disadvantage of a narrowed posi-
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tive potential window and are best suited for electroreducible solutes.

Finally, the cylindrical electrode geometry based on the use of wire (or fi-
ber) working electrodes has been claimed to eliminate most of the problems
associated with the manufacture of low-volume detector cells. The effective
detector volume can be varied by varying the fiber length. Other attractive
features include simplicity in detector geometry and very high analytical sen-
sitivity (pg detection limits are easily attained) coupled with flow-rate inde-
pendence and low noise levels. The drawbacks include those associated with
the fabrication and polishing of these ultramicroelectrodes. Figure 4.13 shows an
example of a carbon-fiber based amperometric detector for use with a capillary
zone electrophoresis system.® Electrochemical detection in microcolumn sepa-
rations has been recently reviewed,®* and a variety of microdetector cell geom-
etries (with nL volume) have been described.®>*?

The performance of several voltammetric detectors, namely a tubular de-
tector with a Pt working electrode and thin-layer and wall-jet geometries with
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FIGURE 4.13. Electrochemical detection schemes for capillary zone electrophoresis. (Reproduced
with permission from Ewing.®)
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glassy carbon and graphite paste has been compared, using DC and differen-
tial pulse excitation.”® The parameters studied were the residual (background)
current, accessible potential windows, the detection limit, sensitivity, repro-
ducibility, the time constant, the response volume, and the dependence of the
signal on the flow rate. The theoretical response (see Table 4.5) was also calcu-
lated for a test substrate (adrenaline) and compared with the experimental val-
ues. The detectors exhibited somewhat lower sensitivities than theoretical pre-
dictions. This was attributed to errors in the latter caused by uncertainty in the
magnitude of parameters in the theoretical expressions (e.g., D), the effect of
analyte adsorption, and deviations from laminar flow in the thin-layer cell ge-
ometry.

Strategies for improving the sensitivity and detection limits in flow
voltammetric detection and sources of noise in LC-EC detection systems have
been discussed.”**> A recent review also describes the principles, requirements
and applications of LC-EC systems.*

We close this section with a discussion of coulometric detectors and
predetector reactors. Classical designs employing large-area planar electrodes
lead to unacceptably large dead volumes and analyte zone broadening in FIA
and HPLC applications. However, such designs are still useful as predetector
reactors. For example, the signal-to-noise (S/N) ratio of a polarographic detec-
tor can be improved by the insertion of an upstream coulometric cell, where
dioxygen, metals, and reducible organics are reduced.” Similarly, an upstream
coulometric cell has been combined with voltammetric detector cells for strip-
ping analysis applications.®®* Other dual coulometric-amperometric cell com-
binations have been described.!®!

The advent of porous flow-through electrodes!®>'* and high surface area
materials (e.g., RVC) has changed the situation regarding the scope and appli-
cability of coulometric detectors. For example, the use of RVC provides a large
surface area-to-volume ratio, which facilitates rapid coulometric conversion
without significant band broadening in FIA and HPLC detection.’® The sensi-
tivity was found to approach the theoretical value for this cell design at flow
rates less than 1.0 mL/min, and detection limits in the picomole range were
reported.'®

4.4.3.  Dual-Electrode and Array Detectors

The first dual working electrode cell appears to have been developed in
1976, and this design has since been applied to thin-layer and wall-jet cell
geometries.'” The latter configuration has many features common to the rotat-
ing ring-disk electrode (RRDE) geometry'® and is therefore termed wall-jet ring-
disk electrode (WJRDE) or simply wall-jet electrode with collection.®® There are
three possible arrangements of two working electrodes in a flow stream: par-
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a b c

FIGURE 4.14. The parallel-adjacent (a), series (b), and parallel-opposed (c) arrangement of two
working electrodes in a thin-layer cell.

allel-adjacent, series, and parallel-opposed (Figure 4.14). All three arrange-
ments are built around the thin-layer cell geometry."® On the other hand, the
WIJRDE affords only a series configuration of the disk and the ring electrodes.

The parallel-adjacent arrangement (Figure 4.14a) enables the detection of
analytes that are not well separated in the column, provided that their elec-
trode reactions occur at disparate potentials. The two electrodes can be then
held at these potentials to enable their differentiation. Other possibilities have
been discussed, including analyte identification by comparison of peak height
ratios at the two indicator electrodes with those of standards™* and enhance-
ment of the S/N ratio by passing the test fluid over one electrode and the (blank)
carrier fluid over the other."?

The series configuration (Figure 4.14b) can be advantageously utilized in
at least three different ways; (1) Analytes that undergo reversible (or quasi-
reversible) electrochemical reactions at high potentials (with attendant back-
ground noise problems) can be converted at the upstream electrode at the high
potential and then reconverted in the measurement mode at the downstream
electrode at a substantially lower potential. The result is an enhanced S/N
ratio.™ (2) The upstream electrode can be used as a scavenger electrode to
remove or “filter out” interferents. (3) The two electrodes are held at identical
applied potentials with analyte conversion at the upstream electrode and re-
sidual current measurement at the downstream electrode. A ratio mode can
then be employed to enhance the S/N ratio. Alternatively, this strategy is use-
ful in gradient elution HPLC as the baseline shift can be suppressed to a degree
by difference detection at the two electrodes.”*

A series dual-electrode arrangement requires a high degree of electrolytic
conversion at the upstream electrode in all these scenarios. Further, the down-
stream electrode is designed for maximal collection efficiency. This can be
achieved either by using the configurations shown in Figure 4.15 or, better still,
by the WIRDE geometry. Interestingly, the analyte need not be electroactive in
these instances. For example, an electroactive titrant (e.g., Br,) can be gener-
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FIGURE 4.15. A series dual electrode cell: (a) generating (1) and detecting (2) electrode in the
“horseshoe” arrangement; (b) generating (1) and detecting (2) electrodes in the “sandwich” ar-
rangement (3-polyethylene spacer). (Reproduced with permission from MacCrehan and Durst.!?)

ated at the disk and collected at the ring. In the presence of an analyte that
reacts with the titrant in the diffusion layer, the ring current is reduced in pro-
portion to the analyte concentration.'®

The parallel-opposed electrode arrangement (Figure 4.14c) enables ampli-
fication of the detector signal for reversible (or quasi-reversible) systems through
multiple redox of the analyte on passage through the dual electrodes. For the
amplification effect to be appreciable, the working electrodes must be large,
the cell thin, and the liquid flow rate very low. Under these conditions, the
amplification factor has been found to range from ~2 to 20 for flow rates in the
pL/min range.> While these flow rates are compatible with microcolumn
HPLC, the requirement of large electrodes is problematic. Theory for these
types of cell designs is available, " and experimental verification has been
reported.'”®

An electrochemical detector for FIA has been designed, based on
biamperometric end-point detection.”® This detector consists of two opposing
planar platinum electrodes in contact with the carrier flow stream. A small
potential difference (10-500 mV) is imposed between the two electrodes and
the resulting current is measured. In this design, the current will flow only
when both the reduced and oxidized forms of a reversible (or quasi-reversible)
couple are present in the flow cell. Thus for an interferent to generate a signal,
it must satisfy the (rather stringent) dual requirements that it must be of the
opposite form as that of the redox reagent, and it must undergo electrolysis at
a potential near that of the reagent couple. As with the WJRDE case discussed
earlier, the analyte itself need not be electroactive as long as it is capable of
undergoing a homogeneous chemical reaction with one-half of the redox re-
agent.
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A new type of dual working electrode cell, namely, scanning electrochemi-
cal microscopy (SECM),'® has been inspired by developments in scanning tun-
neling microscopy. The sensor applications of this approach are slowly emerg-
ing, and very high analytical sensitivity (i.e., the detection of a few molecules!)
appears to be feasible.'® Figure 4.16 contains a schematic of the SECM setup,
and depending on the nature of the “substrate” electrode (i.e., whether it is
conductive or insulating), the tip signal experiences either positive or negative
feedback respectively.

The trend toward electrochemical array detectors (ECADs) mirrors corre-
sponding developments in spectroscopy. The advent of ultramicroelectrodes
with at least one electrode dimension in the um domain,’™ new composite
materials (e.g., Kelgraf),' and the application of microelectronic fabrication
technology (e.g., lithography)'*'¥ have combined to accelerate the develop-
ment of ECADs. These arrays offer a degree of versatility far surpassing that
attainable with their dual-electrode counterparts discussed earlier. For example,
tailored arrays of voltammetric electrodes can be designed based on different
electrode materials,'*® surface-modification agents (with different voltammetric
characteristics),'®'® or on the use of different potentials or surface pretreat-
ments.®**? In this manner, the array detector can be made to respond to a
range of analytes simultaneously. This obviously opens up a new dimension
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FIGURE 4.16. Block diagram of the SECM apparatus. (Reproduced with permission from Bard
et al.'®)
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FIGURE 4.17. Three-dimensional “chromatovoltammogram” for two nitrosamines (peaks 1 and 2)
and an unknown impurity (peak 3). (Reproduced with permission from Samuelesson et al.'*)

to LC-EC detection in much the same manner that UV-VIS diode-array detec-
tors revolutionized optical absorbance or fluorescence detection. In an opera-
tional sense, single-electrode and array LC-EC detection bear the same juxta-
position to their fixed wavelength and diode array UV-VIS detector counter-
parts, respectively.

Another important advantage with array detection pertains to the S/N
ratio. It has been found that improved S/N ratios are obtained for carbon-
aceous electrodes immobilized in an inert binder.”®? This phenomenon was
investigated in detail by varying the ratio of carbon to binder in a Kelgraf elec-
trode matrix.’” A maximum in the S/N ratio was obtained for electrodes con-
taining a higher percentage of the binder such that the graphite particles ex-
isted as individual islands (~100 pm diameter) on the electrode surface. This
theme has been further explored by the use of an electrode comprising 100
disks (each of 5 um radius) that was constructed from carbon fibers.!*® These
individual disks were spaced such that diffusional cross talk did not occur.
This ultramicroelectrode array was found to exhibit a reduced dependence of
the amperometric signal on the flow rate. This behavior is rationalizable on
the basis of the time independence of the faradaic current flow at
ultramicroelectrodes in the absence of convection.!?13

Three-dimensional chromatographic detection has been described, based
on the use of multielectrode detectors and gradient elution.” The range of
compounds that can be identified and the confidence with which they can be
matched with known standards are both shown to be enhanced in this manner.
A 16-channel ultramicroelectrode array detector has been described for use
with FIA and HPLC.?* The 16-microband electrodes were held at different



4.4. Amperometric-Coulometric and Voltammetric-Polarographic Detection 231

potentials in a stepwise manner for 16-channel detection. An alternative scheme
for 80-channel detection was based on the use of a five-step potential staircase
on the 16 electrodes.”® Figure 4.17 contains an example of a three-dimensional
chromatogram based on multichannel amperometric detection.'”

Array detection is not the only route to the acquisition of three-dimen-
sional chromatograms. The use of ultramicroelectrodes along with fast-
scan(several V/s) techniques enables complete voltammograms to be recorded
as the analytes exit the separation column. Examples of this approach include
the use of rapid-scan swept-potential techniques for detection based on square-
wave voltammetry/polarography,'**% differential pulse polarography at a
DME, " phase-sensitive AC polarography,'*> normal-pulse voltammetry,'* ad-
sorptive stripping voltammetry,'* and coulostatic measurements.>14

4.44.  Electrode Materials and Electrode Surface Modification

In Section 2.6, the positive and negative features associated with the use of
mercury as a working electrode were discussed. Notwithstanding its toxicity
and limited positive potential window, mercury is still the electrode material
of choice, especially in stripping analyses. Aside from its high overpotential
for hydrogen discharge, mercury-based electrodes generally have very low and
reproducible residual (background) currents because of their surface homoge-
neity. Mercury thin-film electrodes (MTFE), obtained by electrodepositing a
mercury film onto a suitable support (carbon, noble metals), have become popu-
lar in recent years. It must be noted, however, that MTFEs lack the main ad-
vantage of the DME configuration; namely, that of periodic renewal of the elec-
trode surface. Further, deposition of mercury onto a noble metal surface (e.g.,
Pt, Au) produces an amalgam and not a pure mercury phase. Amalgam elec-
trodes do suffer from a somewhat reduced hydrogen overvoltage relative to
mercury and consequently a narrower potential window in the cathodic re-
gime. There is also the potential danger of film damage at high fluid flow
rates. Generally, mercury films with the best properties are obtained on a gold
support surface. The construction and operation of detectors based on mer-
cury drop electrodes have been reviewed.'¥

Solid electrodes for voltammetry (and amperometry) include the noble
metals, glassy carbon, pyrolytic graphite, and carbon paste. The criteria most
often employed for the choice of material candidates may be grouped accord-
ing to those related to performance, ease of maintenance, and cost. In the first
category could be included factors such as good kinetics for a wide range of
redox couples, wide accessible potential windows, low residual currents and
background noise, and a low susceptibility to surface fouling and passivation.
Of course, not all these ideals are simultaneously achieved with a given elec-
trode material in practice. For example, carbon paste electrodes have a high
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FIGURE 4.18. Estimated potential ranges of various combinations of working electrode and sol-
vent-supporting electrolyte systems. (Reproduced with permission from A. ]. Bard and L. R.
Faulkner, “Electrochemical Methods.” Wiley, New York, 1980.)

S/N ratio in aqueous media leading to very low amperometric detection limits
even though electrochemical reactions are generally slower at these surfaces
than on well-polished noble metals or glassy carbon.

Figure 4.18 contains a comparison of the potential windows of several elec-
trode materials in aqueous media. In using this information, it must be borne
in mind that the limits shown are sensitive to several factors, such as electro-
lyte composition, pH and dissolved O, and impurity content. The positive
potential limit is governed by electrolytic breakdown of the base electrolyte,
the solvent, or by anodic oxidation of the electrode surface. Hence, noble met-
als such as gold and platinum are oxidized at positive potentials to yield sur-
face oxides with well-defined redox behavior (see Figure 4.19).4 ! The ca-
thodic limit is usually imposed by hydrogen discharge and is lowest for active
metals such as Pt and highest for materials such as carbon paste. Often the
cathodic residual current is high because of adsorbed O,, and this problem is
particularly severe for materials such as carbon paste. In these cases the O, is
trapped in the matrix during electrode preparation. Finally, carbonaceous
materials also have various functional groups on the surface that have both
redox and acid-base properties. The surface concentration of these groups is
very sensitive to the electrode pretreatment. It is clear from the preceding dis-
cussion that the electrochemical performance of a solid electrode material is
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FIGURE4.19. Cyclic voltammogram illustrating platinum surface oxide formation and reduction
in 0.5 M H,SO,. (Reproduced with permission from Ross.')

crucially dependent on its surface condition and prior history. Unfortunately,
much of our current knowledge of solid electrode surfaces (especially at an
atomic level) is fragmentary and optimization of a solid electrode surface still
remains an art rather than an exact science. Of course, this situation is not
unique to electrochemistry but pervades all surface-oriented phenomena (e.g.,
catalysis) in general, especially if we omit scenarios where the system is oper-
ated in pristine conditions (i.e., ultrahigh vacuum). We shall briefly examine
each type of electrode material next.

Mercury Thin Films and Drops. The mercury films are either preplated
onto a suitable support or generated in situ.’* In general, the average thick-
ness, d of a MTFE may be calculated from the expression:**

d =2431t/7 4.8)

I is the mercuric ion deposition current, ¢ is the deposition time, and 7 is the
support disk radius. The film thickness ranges from 10 to 1000 nm. In the in
situ case, 1-5 x 10° M mercuric nitrate is directly added to the sample solution;
the mercury film and the metals are thus simultaneously deposited.”®* The
bare disk surface must be polished prior to each analysis to ensure reproduc-
ible behavior (see later). A rotating glassy carbon electrode has been coupled
with an in situ plated mercury film for stripping analyses.*!*

Other supports have been used for the MTFE including RVC,* wax-im-
pregnated graphite,' epoxy-bonded graphite,” pyrolytic carbon,*® carbon fi-
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FIGURE 4.20. Kemula-type hanging mercury drop electrode. (Photograph courtesy of Brinkmann
Instruments Co., Westbury, New York.)

ber, Kelgraf (fabricated from compression molding of Kel-F resin and pow-
dered graphite),’*'® and a graphite spray support made by spraying carbon
powder on a conducting surface to create a thin film of uniform particles.'®!

A hanging mercury drop electrode is often used for stripping analyses. In
the Kemula design, mercury is displaced from a reservoir through a glass cap-
illary by a screw-driven plunger (Figure 4.20). Reproducible drops are thus
generated at the capillary tip by adjustment of a calibrated micrometer. The
static mercury drop electrode (SMDE) configuration allows use in both the
HMDE or DME modes by simple flip of a panel switch. The drop size is claimed
to be more reproducible and stable than in the Kemula design.’®* Importantly,
the SMDE has a constant area when the I-E curve is recorded, thus essentially
eliminating changing current due to drop growth.

A comparative assessment of MTFE and HMDE is difficult because the
electrode requirements are often unique to a given analytical problem. None-
theless, the MTFE has a surface-area-to-volume ratio several orders of magni-
tude greater than the HMDE. The small area in the latter configuration re-
duces the metal plating efficiency for stripping analyses, and the large volume
translates to a low concentration of metal in the amalgam. In general, the MTFE
offers greater resolution and sensitivity whereas the HMDE is less susceptible
to surface fouling and changes in electrolyte composition.

Carbon-Based Electrodes. Glassy carbon is a popular choice for the electrode
material, and a review of its physical and electrochemical properties is avail-
able.’® With well-polished surfaces, fast electron-transfer kinetics can be
achieved for a variety of redox couples. The residual currents at this surface
are also reasonably low, and glassy carbon has a wide potential window for
use (Figure 4.18).

Carbon paste electrodes'®'*” are prepared by mixing finely powdered
graphite or other carbonaceous materials with a liquid such as Nujol, paraffin
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oil, silicone grease, or bromonaphthalene. These electrodes have the virtues of
easy preparation, low cost, surface renewability, amenability to chemical modi-
fication, and very low background currents. A disadvantage of carbon paste is
the tendency of the organic binder to dissolve in solutions containing an ap-
preciable fraction of organic solvent. Thus, the advantage with the use of these
solvent mixtures as the mobile phase for HPLC (e.g., lower residual current
and noise) is mitigated when carbon pastes are used. In general, carbon paste
electrodes work best with aqueous solutions whereas glassy carbon, pyrolytic
graphite, and noble metals are suitable for use with mixed medjia.

Composite carbon electrodes have a solid polymer matrix in place of the
liquid diluent. Such electrodes are mechanically rugged, can be polished, and
are more resistant to organic media. A number of such electrodes have been
described, based on the dispersion of carbon or graphite in waxes,'® Kel-F
resin, 1% polyethylene,* and polypropylene.” In many instances, the elec-
trochemical behavior of carbon pastes or composites can be effectively mod-
eled in terms of arrays of individual ultramicroelectrodes that are embedded
in an inert (i.e., electroinactive) matrix.

Carbon fiber electrodes are increasingly being used for electroanaly-
sis.®*170171 These fibers are produced by high-temperature pyrolysis of poly-
mers or via catalytic chemical vapor deposition. The high-modulus type of
fiber microstructure is most suitable for electroanalysis because of its well-or-
dered graphitic structure and low porosity. The fibers are generally of 5-20 pm
diameter and are typically mounted at the tip of a capillary with epoxy adhesive.

Carbon aerogel composite electrodes have been prepared by sol-gel con-
densation of resorcinol and formaldehyde in a basic medium followed by dry-
ing and pyrolysis.””? The electrodes possess high porosity, surface area between
400-1000 m?/g, anominal pore size of less than 50 nm, and a solid matrix com-
posed of interconnected colloidal-like particles or fibrous chains with charac-
teristic diameters of 10 nm. The porosity and particle size can be varied over a
wide range given the flexibility in the fabrication procedure.

Composite metal-carbon electrodes have been recently described.’7*17
Stainless steel fibers (2 pum diameter) and carbon fiber bundles (20 pm diam-
eter) are combined with cellulose fibers, used as a binder, into a continuous
interwoven paper preform. The composite paper preform is then cut into elec-
trodes with desired dimensions and geometry and sintered to a stainless steel
foil substrate. These electrodes possess surface areas, as measured by the BET
technique, of ca. 750 m?/g. The resultant high surface area allows high accessi-
bility to gases and electrolytes while providing adjustable porosities and void
volumes. The electrodes can be prepared with other metal fibers such as Ni.

Pyrolytic carbon films offer rates of electron transfer comparable to or even
better than those attainable at polished glassy carbon without electrode pre-
treatment.””>'” New types of substrates such as Macor are being used for these
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films,"”® and these have the important advantage of machinability not available
with quartz and glassy carbon supports. Thus Macor-supported pyrolytic car-
bon film electrodes can be machined to unusual sizes and shapes. The issues
of long-term stability and film reactivation have been addressed in a recent
study.” Electrochemical anodization was found to be most effective for restor-
ing film activity degraded by exposure to atmospheric O,.

Other novel carbon-based electrodes beginning to emerge include carbon
foam composites,’® epoxy-impregnated reticulated vitreous carbon,’*! doped
carbon thin films and doped glassy carbon.?®* Finally, diamond is an intrigu-
ing electrode material for electroanalysis. Normally, the insulating character
of virgin diamond (>10" ohm-cm) would preclude the use of this material as
an electrode. However, the resistivity of chemical vapor deposited diamond
thin films can be made as low as 0.01 ohm-cm by doping with boron.*® Chemi-
cal inertness and low electrode capacitance are positive attributes of this mate-
rial. Its electrocatalytic activity toward a variety of redox probes remains to be
tested.

Noble Metals. Platinum and gold are the most widely used electrode ma-
terials in this category. They have fast electron kinetics toward a wide range of
redox couples and a wide positive potential range. However, these metals are
also catalytic toward the HER, which limits the negative potential window (un-
like mercury). Another problem is the high background current associated
with the redox activity of the surface oxide and hydride films!*%! at these met-
als (see Figure 4.19). Of course, this problem is less severe in nonaqueous me-
dia. As with carbon, ultramicroelectrodes and array electrodes can also be con-
structed from platinum and gold, using capillary-based and microelectronics
fabrication procedures, respectively.

Chemically Modified Working Flectrode Surfaces. Two major problems
with electroanalysis are fouling of the electrode surface by unwanted precipi-

tation or adsorption processes and the slow electrochemical reaction rates of
some analytes, which consequently require considerable overpotential. Both
of these problems are solved in principle by deliberately modifying the elec-
trode surface. In fact, this concept was in part borne out of the frustrated
electrochemist’s desire to exert direct control of the chemistry at the electrode
surface.’ The underlying rationale is simple in that, by deliberately attaching
chemical reagents to an electrode surface, one hopes that the resultant chemi-
cally modified electrode (CME) will take on the chemical properties of the at-
tached reagent. We have already encountered this idea in connection with
imparting potentiometric selectivity to a parent electrode surface (see Section
4.3). Such reagent-based control of the CME surface therefore includes desir-
able features such as fast electron-transfer rates, selectivity, immunity to ad-
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FIGURE 4.21. Schematic illustrations of modified electrodes used in electrocatalysis: (a) mono-
layers and (b) mulitmolecular polymer layers of catalyst sites = and @®; (c) preconcentration of
electroactive cations with polyanionic polymer films; (d) membrane barriers to undesired anions
using polyanionic films; and (e) electroreleasing of counterions into solution by reduction by
polyanionic electroactive polymer. (Reproduced with permission from Murray et al.**)

sorption and electrode fouling, and access to new properties such as optically
excited electronic states. Figure 4.21 and Table 4.6 outline some of the possi-
bilities with CMEs in terms of sensor applications. Other aspects of these sys-
tems of relevance to electrocatalysis, photoelectrochemistry, and clinical assays
have been reviewed.!81%

As Figure 4.21 and Table 4.6 indicate, polymers have played a particularly
important role in the selection of chemical reagents for surface chemical modi-
fication. Thus, these reagent moieties are either anchored to the polymer back-
bone (in a premodification step) or are simply partitioned into the electrode
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Table 4.6. Commonly Used Coating Materials for CMEs and the Underlying
Analyte Binding Mechanism

Coating Material Mechanism

Cellulose acetate Size exclusion

Polyphenol Size exclusion
Poly(1,2-diaminobenzene) Size exclusion
Phospholipid Hydrophobic interactions
Self-assembled thiols Hydrophobic interactions
Nafion Charge (Donnan) exclusion
Polystyrenesulfonate Charge (Donnan) exclusion
Polyvinylpyridine Charge (Donnan) exclusion
Polyaniline Mixed control

Polypyrrole Mixed control

Cellulose acetate/Nafion Mixed control
Nafion/a-cyclodextrin Mixed control

Clays and zeolites Size exclusion

matrix by exposing the (initially) polymer-coated electrode to a solution con-
taining the reagent. As we shall see in a later section, the latter strategy has
opened a new route to stripping analyses based on adsorptive preconcentration
of the target analyte molecule or ion. Figure 4.22 contains a summary of the
variant ways in which the polymer film and the reagent can be attached to a
parent electrode surface. A simple and elegant route involves the generation
of hydroxyl groups at the support electrode surface (e.g., Pt, Au, carbon, tin-
doped indium oxide) followed by hydrolytic coupling of an organosilane re-
agent to which a redox moiety (e.g., ferrocene) can be preattached (Figure 4.22).

Physical adsorption and spontaneous chemisorption of macromolecular
assemblies constitute yet another powerful way to modify a given electrode
surface. Thus, spontaneously adsorbed Langmuir-Blodgett films of n-alkane
thiols [X(CH,) SH, n > 10] at (111) oriented gold surfaces are particularly well
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FIGURE 4.22. Summary of strategies for attaching a polymer film and electroactive reagent to an
electrode surface. (Reproduced with permission from Murray et al.'*%)

suited for controlling the reactivity at the interface. This can be done through
the use of different head group (X) chemistry. Descriptions of such self-as-
sembled monolayers (SAMs) are available.*1%®

Other (physical) methods for attaching a polymer film (with or without a
chemical reagent) to an electrode surface include spin casting. In this method,
a few drops of the solution of the polymer are dropped onto the electrode sur-
face. The solvent is then allowed to evaporate, often by spinning the electrode
to accelerate the process. Nafion and polyvinylchloride-modified electrodes
are fabricated in this manner.

Finally, electropolymerization can be profitably employed for generating a
chemically modified surface layer. Films of electronicaily conductive polymers
such as polypyrrole and polyaniline (Figure 4.23) are prepared in this manner
(see also Section 5.9). It has been claimed that the size-exclusion selectivity of
such films can be controlled by the use of electropolymerization conditions
such as polymerization time and monomer concentration.”” Polymer films
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containing bipyridyl reagent moieties are also synthesized using electropolymeri-
zation.® This approach is also amenable to the preparation of three-dimen-
sional surface assemblies by in situ polymerization of a targeted monomer (e.g.,
pyrrole) in a dispersion containing nanosized particles of a catalyst (e.g., Pt)™”
or matrix modifier (e.g., carbon black).”®*** Polypyrrole films containing a va-
riety of chemical reagents including metal and metal oxide catalyst,202%
electrochromics,*? or semiconductors®* have been prepared in this manner.

In principle, all of the electrode materials discussed earlier could be used
as supports for the chemically modified surface layers. Chemical modification
of carbon pastes is particularly simple — the carbon and the modifying agent
(including metal particles, see Ref. 205) are simply mixed together in a mortar
and pestle. Similarly, chemically polymerized polypyrrole (or polyaniline) can
be mixed in powder form with a variety of reagents?® and subsequently used
in a packed electrode configuration. Even mercury films have been used®” as a
support for electropolymerized polypyrrole — the oxidized mercury being rap-
idly re-reduced (and redeposited) at negative potentials before it escapes from
the electrode surface (as Hg* and Hg? ions). The resultant “polymer dis-
persed-mercury modified electrode” was used in a flow-through electrochemi-
cal cell in the reversed-pulse amperometric detection mode.2”

2, 5 coupling

FIGURE 4.23. Electrochemical growth of a polypyrrole film. (Reproduced with permission from
M. Kanatzidis, Chem. Eng. News, December 3, p- 44 (1990).)
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Our knowledge of the morphology of the chemically modified surface layer
continues to expand with the availability of scanning probe microscopies. The
polymer microstructure has a profound impact on the dynamics of electron trans-
fer within the matrix, and this aspect continues to be addressed.?®** Another
problem is the estimation of the electroactive reagent concentration within the
surface layer arising from the uncertainty in the knowledge of the actual (wet-
ted) polymer thickness. Use of the dry film thickness clearly is unacceptable in
most instances as the polymer swells (often by factors of 100 or more) on uptake
of the solvent.?>%? Again, the use of new in situ and real time probes such as
ellipsometry?? and electrochemical quartz crystal microgravimetry?2#2” prom-
ises to afford new insights and thus solutions to these analytical problems.

We shall next examine some representative scenarios where CMEs enhance
the scope of the electroanalysis scheme relative to the parent electrode (un-
modified) configuration.

Often the desired electrode reaction has high overpotential; that is, it oc-
curs at an appreciable rate only at potentials substantially higher than the ther-
modynamic redox potential. Such reactions can be catalyzed by attaching to
the surface a fast electron transfer mediator. Knowledge of the corresponding
homogeneous solution kinetics of this (reversible) redox couple is useful for
selecting a catalyst candidate. The mediator functions by shuttling the charge
between the analyte and the electrode support for the chemically modified
surface layer:

—» My + ne’ = Mg “4.8)

Mg + Aox = Mox + Agd 4.9)
J

Where M is the mediator and A is the analyte (Figure 4.24). Note that the
electron transfer now takes place between the electrode and the mediator and
not directly between the electrode and the analyte. Reaction (4.9) is the hetero-
geneous analog of the (homogeneous) redox reaction between M_, and A _.
Models for heterogeneous redox catalysis are available.”¥2! In many cases, a one-
electron redox couple is used as the mediator, and an additional multielectron
storage catalyst (e.g., Pt, RuO,) is used as an additional means of shuttling charge
between the solution and the underlying electrode.”® Clearly, CMEs offer a
powerful route to assembling, at a molecular level, multicomponent systems with
complementary functions.

Preconcentrating surface layers designed for binding target analytes onto
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FIGURE 4.24. Redox mediator scheme for electroanalysis: M is the mediator and A is the analyte.

the sensor surface (Figure 4.21) are reminescent of the strategy discussed ear-
lier for imparting selectivity to potentiometric ISEs. In this scheme, the target
analyte is first partitioned from the dilute sample into the preconcentrating
surface layer and then quantified via either amperometry or voltammetry. The
mechanisms involved for such partitioning schemes are variant and include
surface complexation, size exclusion, electrostatic binding, and schemes utiliz-
ing the hydrophobicity or lipophilicity of a surface layer (e.g., a lipid coating).
These are illustrated in “cartoon” fashion in Figure 4.21. Table 4.7 contains
examples of analytical strategies utilizing these binding mechanisms.
Permselective membranes obviously play a crucial role in the chemical tailor-
ing of sensor surfaces, and candidate membranes include ionomeric systems
such as Nafion, polystyrene sulfonate, poly(1,2-diaminobenzene), and conduct-
ing polymers such as polypyrrole and polyaniline (see Table 4.6). In all these
instances, the CME surfaces not only provide enhanced sensitivity and selec-
tivity but also facilitate the presence of built-in membrane barriers that serve
the (important) additional function of excluding potential interferents and
agents responsible for electrode passivation and fouling.

Agents for chemical modification of electrode surfaces are not limited to
organic, inorganic, or organometallic systems. Microorganisms and other bio-
logical components can also be profitably employed. In fact, enzyme-based
sensors have been traditionally used for glucose assay, and CME designs in-
corporating glucose oxidase in a polymeric matrix are now commercially avail-
able. Table 4.7 contains additional examples of CME sensors based on bio-
chemical components.



4.4. Amperometric-Coulometric and Voltammetric-Polarographic Detection 243
Table 4.7. Examples of Analytical Schemes Employing CMEs
CME System Comments Reference(s)
Carbon paste modified with 2,9-dimethyl-1, Copper binding and assay via 220
10-phenanthroline surface complexation
Carbon paste modified with dimethyl glyoxime Same as preceding but for Ni(II) 221,222
or porphyrin trace analysis
Platinum modified with vinyl ferrocene /vinyl Used for copper and iron binding 223,224
pyridine copolymer incorporating complexation and assay
reagents (e.g., sulfonated batho phenanthroline)
Glassy carbon modified with quaternized Silver ions preconcentrated in an 225
polyvinylpyridine (QPVP) loaded with open circuit followed by voltammetry
cyano metallate complexes (e.g., Fe(CN)st) and stripping
Carbon paste modified with a chelating resin Detection limit after 5 min. pre- 226
with a polythioether backbone concentration of Ag(l) is 3 x 10-10 M
Glassy carbon modified with polyvinylpyridine A dual-electrode configuration 227
and M(bpy)2 complex (M = Os, Ru; bpy = and Fe(III) employed for speciation of Fe(II)
2,2"-bipyridyl)
Pt wire modified with p-mercuribenzoate using The CME is designed for specificity 228
silylation chemistry to sulphydryl compounds
Carbon paste modified with crown ethers and Used for trace measurements of lead 229
cryptands
Carbon paste modified with phenylenediamine Used for redox catalysis of target analytes 230
Carbon paste modified with cobalt phthalocyanine Used for the assay of inorganic anions 231
containing sulfur, selenium and nitrogen
Platinum coated with cellulose acetate (CA) and The CA film eliminates protein fouling 232
loaded with HyOy and ascorbate interference; used for
blood serum and urine analyses
Glassy carbon modified with Nafion and 18-crown-6 Silver preconcentrated and determined 233
by stripping analysis with a limit of
detection of 2 x 1012 M
Carbon paste modified with metal particles Used for redox catalysis of organo- 234
(e.g., Ru, Pt) peroxides and hydrazine compounds
A composite coating of phosphatidylcholine, Used for CN™ assay in a FIA configuration 235
cholestrol and stearic acid
on a silver-band electrode
Gold electrodes modified with a self-assembled Used for binding of a variety of 236
monolayer of 4-aminothiophenol solution species
Gold electrodes modified with SAMs of thiols Selectivity and sensitivity toward 237

and thioctic acid

solution species (e.g., Ru(NHz)g>+ and
Fe(CN)g>") probed
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Cont. Table 4.7. Examples of Analytical Schemes Employing CMEs
CME System Comments Reference(s)
Carbon paste modified with a zeolite Used for preconcentration of Cu(Il) ions 238
A SnO3 glass electrode coated with a montmorillonite  Stereoselectivity demonstrated for 239
clay film, containing A-Ru(phen);2+ the surface modified film
(phen = 1,10-phenanthroline)
A MTFE modified with @-mercapto Used for trace determination of Cd(II) 240
carboxylic acid-based SAM with a limit of detection of 0.45 ppt
A hanging mercury drop electrodemodified with Used for preconcentration and 241
alizarin complexone and fluoride ion assay of La(IIl)
Glassy carbon disk modified with QPVP Used for preconcentration and 242
determination of Cu(Il) ions
Glassy carbon modified with chitosan, p-1,4-poly- Used for trace determination of 243
D-glucosamine Pb(Il) in water samples
MTFE modified with a cellulose triacetate Lead determined in a variety of matrices 244
dialysis membrane including tap water, river water, seawater,
and whole blood samples
A carbon electrode modified with Nafion Used for preconcentration of Cu(l) ions 245
and 2,2"-biquinoline
Platinum wire coated with polypyrrole Used for amperometric sensing of chloride, 246
nitrate, nitrite, perchlorate, bromide,
carbonate, sulfate and phosphate with a
detection limit in the 0.1-1.0 ppm range
A gold electrode coated with overoxidized Used for Cr(VI) assay 247
polypyrrole
Chlorella vulgaris immobilized in a porous Assembly used as a photomicrobial 248
polycarbonate membrane amperometric sensor for phosphate
A membrane filter O, electrode loaded with Used for mutagenic screening of 249
S. typhimurium carcinogens
A glassy carbon electrode coated with cellulose Used for ion exchange preconcentration 250
acetate and loaded with algae (e.g., Eisenia bicyclis) of redox analytes
Carbon paste modified with sulfite oxidase enzyme Used for assay of sulfite ion in aqueous 251
media and SO2(g)
Glassy carbon disk modified with polypyrrolic Used for amperometric detection of nitrate 252
viologen and loaded with a nitrate reductase
enzyme
Glassy carbon modified with a phosphatidylcholine Redox active amphiphiles extracted into 253

layer

the cast lipid layer
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Cont. Table 4.7. Examples of Analytical Schemes Employing CMEs

CME System Comments Reference(s)

Carbon paste modified with Amberlite XAD-2 resin Used for determination of paraquat by 254
cathodic stripping voltammetry

Glassy carbon spin-coated with 4,7,13,16,21, Used for trace determination of 254a

24 -hexa-oxa-1,10-diazabicyclo [8.8.8]hexa-cosane mercury by square-wave voltammetry

(Kryptofix-222)

Electrode Activation. The most vexing problem with the use of solid elec-
trode materials for electroanalysis is electrode fouling. Even in less severe in-
stances, there is a gradual loss of electrochemical activity at the surface. Thisis
manifested in the form of drawn-out voltammetric waves for fast redox probes
such as [Fe(CN) ]*/*. Electrochemical activation can be employed in such in-
stances to restore the original activity of the surface. This “activation” tech-
nique often involves polarization of the working electrode in the supporting
electrolyte at suitable potentials. One method comprises fast cycling of the
electrode potential between the O, and H, evolution potential limits. Anodic
activation has been also employed, and the mechanistic aspects of electrode
activation have been addressed both for metal oxide (e.g. Sn-doped indium
oxide)™® and glassy carbon®%*7 electrodes. Activation procedures for Pt elec-
trodes also have been reviewed.*®

The idea of pulse amperometric detection ***® was mentioned elsewhere
in this book in a different context (Section 3.3.5). This concept is based on the
premise that the Faradaic signal for oxidative desorption of organic compounds
and free radicals is applicable to the quantitative detection of all organic com-
pounds that can adsorb on the electrode surface. For example, many anodic
processes involve O-atom transfer from H,O in the solvent phase to the oxida-
tion product(s). However, this process is kinetically inhibited because of its
complexity and occurs only at substantial overpotential, such that the elec-
trode surface is concomitantly passivated?*:

H,O + Pt > PtOH + H* + ¢

As(OH); + PtOH — Pt + OAs(OH); + H" + ¢
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A normal (i.e., pulse-free) voltammetric determination at these high positive
potentials would also be precluded by the large background signal due to the
formation of the inert PtO:

PtOH — PtO + H* + ¢

The PAD waveform regulates the electrocatalytic properties of noble-metal elec-
trode surfaces by inhibiting this reaction. In fact, many compounds that were
previously considered to be electroinactive at a constant applied potential can
now be detected with enhanced sensitivity by using the PAD procedure.

This procedure is particularly useful for anodic detection at Pt electrodes,
where the loss of electroactivity is attributed to strong adsorption of the analyte
and/or free-radical reaction products. This method uses a triple-step potential
waveform of the sort shown earlier in Figure 3.19. Loss of response is avoided in
PAD by measurement of the anodic current signal a short time (e.g., 50-250 ms)
after application of the detection potential (E, ) followed by sequential appli-
cation of large positive (E ) and negative (E_,) potentials for oxidative and
reductive cleaning, respectively, of the electrode surface prior to the next de-
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FIGURE 4.25. Wavetorms used in pulsed amperometric detection (PAD): (A) normal PAD; (B)
reverse PAD; (C) activated PAD. (Reproduced with permission from Williams and Johnson.??)



4.4 Amperometric-Coulometric and Voltammetric-Polarographic Detection = 247

tection cycle. The frequency of the waveform can be sufficiently high (ca. 1-2
Hz) to facilitate application in chromatographic and flow-injection systems.

Recent innovations of PAD include the use of modified pulse routines aimed
at minimizing the background signal associated with PtO formation (Figure
4.25). Thus the reversed pulse waveform (RPAD) has been reported to result in
a significant decrease in the background signal for several sulfur compounds
at Au electrodes.” In the activated PAD mode (APAD) (Figure 4.25c), a brief
activation pulse (E_,) is applied prior to the detection pulse. Thus, in the APAD
waveform, the oxidative processes of surface activation and cleaning are man-
aged separately. The key is to ensure that the PtOH needed for activation is not
substantially converted to the electroinactive PtO.

The PAD procedure has been applied successfully to the anodic determi-
nation of alcohols, polyalcohols, and carbohydrates on Pt and Au flow-through
electrodes® and amino acids,** organic sulfur compounds,?>*> As(III)*! and
Cl and CN** on Pt electrodes. Reviews of PAD are available 25026126

4.4.5. Dioxygen Removal, Derivatization and Other Practical Considerations

Dioxygen has a molar solubility in aqueous solutions of ~10°® M at room
temperature and pressure. Dissolved O, interferes in amperometry based on
reductive electrolysis of the analyte solution. As in the case of classical po-
larography, dissolved O, is also a problem in stripping analysis. Depending on
the solution pH, O, is reduced in two steps.

Step 1, 0, +2H* +2¢” 2 H,0, (acid)
0, +2H,0+2¢~ 2 H,0, +20H" (base)

Step 2, H,0, +2H" +2e” 2 2H,0 (acid)
H,0, +2¢" 22 20H" (base)

The E, , values for these steps are ~-0.05 V and -0.9 V, respectively. These re-
ductions result in an increased background current in amperometry. In strip-
ping voltammetry, the analytical waves of interest are often obscured by these
processes (see Figure 4.26). Other complications, especially in stripping
voltammetry, include the following: (a) Dioxygen may oxidize the metals
preconcentrated as the amalgam; (b) The OH ions formed during the reduc-
tion of O, can precipitate the metal ions (as the hydroxide) in the vicinity of the
working electrode. For these reasons, O, must be rigorously excluded from the
cell and the electrolyte prior to amperometric or voltammetric analyses.

The most common tactic consists of bubbling an electroinactive gas (N,,
Ar, etc.) through the solution. Prepurified N, can be used for this purpose; it is
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FIGURE 4.26. Comparison of stripping voltammograms recorded at the “downstream” detector
utilizing potentials of -0.50 V (a) and 0.0 V (b) at the “upstream” cell 5 x 10 M lead and cadmium
in 0.1 M KNO,; 3-min depositions at -1.3 V; flow rate, 0.36 mL/min; linear scan of 1 V/min. (Re-
produced with permission from Wang and Dewald.*)

commercially available and inexpensive. The solution is thoroughly flushed
with N, for a few minutes prior to analyses. The “purge gas” tube is then lifted
from within the solution and poised a little distance away from the solution
surface. The gas flow rate is turned down, and a continuous stream is main-
tained so as to ensure a positive pressure of N, above the solution phase. Other
methods include the use of the N, stream as a convenient stirring mode during
the metal preconcentration in stripping voltammetry*’” and a clever strategy
that uses a CO,~N, mixture to maintain both solution pH control and deoxy-
genation.?®

Chemical methods of O, removal (for example, via additions such as so-
dium sulfite or ascorbic acid*®) are less preferable because of the potential for
electrochemical interference and solution contamination.

Dissolved O, is particularly a problem in reductive LC-EC detection be-
cause of the variant level of O, in the flow stream and the consequent degrada-
tion of the S/N ratio. Scrubber columns have been used (see Ref. 270) to re-
duce and eliminate the dissolved O, in an acidic mobile phase in LC. The scrub-
ber column is made by packing a column with zinc amalgam particles and
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FIGURE 4.27. Dual flow cell assembly: (A, G) solution inlets; (B, H) solution outlets; (C, J) refer-
ence electrodes; (D) auxiliary electrode; (E) RVC cylinder; (F) lead to RVC; (K) glassy carbon disk;
(L) Teflon spacers; (M) lead to glassy carbon disk. (Reproduced with permission from Wang and
Dewald.”)

mounting it between the pump and the injection device. The zinc consumed in
the redox reaction with O, must be periodically refurbished.

Other strategies for dissolved O, removal include either dual-cell or dual-
electrode configurations (see Section 4.3.3). An example of the former approach
is contained in Figure 4.27.* The upstream working electrode is held at a scrub-
bing potential of -0.50 V. A flow-through cell with RVC as the working elec-
trode is used for the upstream cell to obtain high electrolytic yields (close to
100%). Thus the deoxygenated solution enters the downstream detector cell.
Figure 4.26 contains an example of the sort of improvement that is possible in
stripping voltammetry detection of lead and cadmium.”® Of course, this ap-
proach is not suitable for the determination of metals with positive reduction
potentials (e.g., Cu, Bi, Sb). On the other hand, the majority of metal ions de-
termined by anodic stripping voltammetry (e.g., Cd, Pb, Tl, Zn) are not re-
duced at the potential used for deoxygenation.

In the dual-electrode approach, 41371272 the (upstream) generator electrode
is held at a potential more negative than the half-wave potential of the analyte
to be determined via reductive amperometry. The detector electrode is poised



250 Chapter 4

at a potential suitable for the oxidation of the product generated by the first
electrode. Because the actual detection occurs in the oxidative mode, there is
no interference from O,. Obviously, this approach is applicable only to those
analytes that undergo reversible electrochemical reactions.

Capillary electrophoresis has been recently shown to be superior to reduc-
tive LC-EC detection in terms of very short deoxygenation times.?”® The feasi-
bility of reductive CE-EC detection has been evaluated for the determination
of organic compounds, including nitroaromatics and quinones.*”

Square-wave and staircase voltammetry have the advantage of use at high
frequencies. Thus, dissolved O, contributes only very little to the Faradaic
current, as its reduction is electrochemically irreversible, especially at high fre-
quencies (1-2 kHz). Hence, the use of high-frequency modulation waveforms
for electroanalysis has the crucial advantage that stringent deaeration is not
necessary as a prelude to analyses.

Turning next to postcolumn derivatization, many electroinactive or diffi-
cult-to-oxidize (or reduce) analytes can be converted to electroactive solutes
using a variety of schemes. Electrochemical, chemical, photolytic, and enzy-
matic derivatization schemes have been developed for this.?4#* Such methods
of generation of detectable species are also accomplished with negligible band
broadening. The series dual-electrode configuration is particularly amenable
to on-line electrochemical derivatization. Chemical derivatization, with in situ
generation of dithiocarbamate complexes, has been used for the detection of
varjous metal ions.”¢?® Postcolumn generation of Br, has been used for the
determination of phenolic ethers.?”” Enzyme derivatization® is advantageous
in that the very good selectivity of enzyme reactions can be profitably employed
for the selective determination of target analytes from a “cocktail.” We shall
discuss photolytic approaches along with other photoelectrochemical ap-
proaches later in this chapter.

4.5. AMPEROMETRIC SENSORS FOR ENVIRONMENTAL POLLUTANTS:
SOME EXAMPLES

The common types of organic pollutants that can be detected by oxidative
amperometry are contained in Table 4.8. The limits for reductive detection are
usually less favorable than for oxidative detection owing to the background
resulting from the reduction of traces of O,, hydrogen ions, and trace metals.
However, many metal pollutants, organometallics, and pesticides have been
successfully determined via reductive amperometry (see later), and organics
containing reducible groups (e.g., nitrocompounds, see Table 4.9) can be
reductively determined at a sensitivity comparable or better in some cases, to
ultraviolet photometry.
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Table 4.8. Compounds of Environmental Importance Suitable for Oxidative
Amperometric Detection

Type of Compound Formula

1. Aromatic hydroxy compounds
C(CHz)s

Antioxidants R—@— OH
Catechols HO"@' R

Halogenated phenols

OH
Halogenated hydroxybiphenyls /@» OH—@
Hal
OH
Phenols
R

R
Methoxyphenols HO—-@

OCH;
2. Aromatic amines
Chlorinated anilines /@ NH,
Cl
2,3-dichloroaniline NH,
cl Cl1

Benzidines HZN—@—— @—NHZ
Anilines @ NH,
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Cont. Table 4.8. Compounds of Environmental Importance

Type of Compound Formula

3. Aliphatic amines

N-nitrosoamines (CH3)2NNO
(e.g. N-nitrosodimethylamine)

4. Sulfur compounds

Mercaptans R-SH
Disulfides R-5-5-R
5. Purine derivatives OH or NH,
L
N N N\\ .

Source: ]. Frank, Chimia 35, 24 (1981).

Table 4.9.  Types of Organic Groups Amenable to Reductive Amperometric

Detection
Bond Grouping Example
- +
NO, QN@R 4c.4H HONH@R + Hy0
6e ;
C-Hal CeHeCls CeH + 6CI
- +
S-S R-s-S-R =20 o psn
C=0 ArCO-Ak —B o AL COH-AK
- +
N=N Ar-N=N-Ar —2€:2H'_ A NH-NH-Ar

Source: K. Stulik and V. Pacakova, “Electroanalytical Measurements in Flowing Liquids.”
Ellis Horwood, Chicester, 1987.
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Table 4.10 contains further examples of specific substances of environmen-
tal interest that are detectable by oxidative and reductive amperometry. In the
vast majority of these instances, amperometric detection has been coupled with
HPLC separation. This is because the matrices of environmental interest are
often quite complex, and an efficient separation step is necessary prior to analy-
ses. Organic analytes such as pesticides traditionally have been determined by
gas chromatography (GC) coupled with electron capture detection (ECD).
However, derivatization, which is often needed for GC detection, introduces
problems with sample contamination and loss of selectivity. For example, cat-
ionic organometals are derivatized with a halogen prior to GC-ECD. How-
ever, extensive sample “clean up” is required prior to analysis. In other cases
(e.g., sulfur compounds), GC analysis is precluded by the thermal instability of
the analytes. Other pollutants such as benzidine are base-extractable aromatic
amines that are very difficult to extract, concentrate, and quantify by GC/MS.
In view of these difficulties, HPLC provides an attractive alternative or supple-
ment to GC analyses.

There are many detector candidates for use with HPLC. The traditional
workhorse is UV photometry. In many cases, the analytes (e.g., phenols) are
only weakly chromophoric. Fluorescence detection is another possibility, and
in many instances, nonfluorescent analytes may be converted to fluorophores
by on-line derivatization. However, as with the GC case, this requires addi-
tional sample handling, treatment and work up and provides additional scope
for error. Graphite furnace atomic absorption spectrometry has been used asa
detection system with automated sampling and atomization of the chromato-
graphic eluent. However, many analytes (e.g., organometals) have poor at-
omization efficiency, and thus the detection limits are rather poor for elements
such as Hg and As with this approach.

We shall now discuss LC (or FIA)-EC studies of environmental pollutants
in terms of groupings of analytes into specific categories.

Phenols. The important substances in this group include chlorinated
phenols and naphthols, alkyl phenols that are used as antioxidants, and hy-
droxyl derivatives of biphenyls and PCB metabolites (Tables 4.8 and 4.10). They
are present in wastes from the manufacture of formaldehyde resins, lacquers
and binders, pharmaceuticals and pesticides, from coking and coal distillation
plants, and in the soil and vegetable residues. Chlorophenols and nitrophenols,
which are used in industry and agriculture and as wood preservatives can also
be present in raw water as a result of spillage or accidents. Chlorophenols can
be formed during water chlorination, causing taste and odor problems even at
very low (ppb) levels. Because of these problems, the U.S. EPA has created a
list of the 11 most important phenols as high priority pollutants.?!
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Table 4.10. Environmental Pollutants That Have Been Determined by Oxidative
and Reductive Amperometry Coupled with HPLC

Oxidation

PCB Metabolites

2-chloro-4-biphenylol
3-chloro-2-biphenylol

Chlorinated Phenols

2-chlorophenol
3-chlorophenol

3-chloro-4-biphenylol 4-chlorophenol
4'-chloro-4-biphenylol 2,3-dichlorophenol
5-chloro-2-biphenylol 2,4-dichlorophenol

2-chloro-5-biphenylol
2',5'-dichloro-2-biphenylol
2',5'-dichloro-4-biphenylol
2',5'-dichloro-3-biphenylol
3,5-dichloro-2-biphenylol
4,4'-dichloro-3-biphenylol
3,4'-dichloro-4-biphenylol
4,4'-dichloro-3,3-biphenyldiol
2,2',5'-trichloro-5-biphenylol
2,2',5"-trichloro-4-biphenylol

2,5-dichlorophenol
2,6-dichlorophenol
3,4-dichlorophenol
3,5-dichlorophenol
2,3,4-trichlorophenol
2,3,5-trichlorophenol
2,3,6-trichlorophenol
2,4,5-trichlorophenol
2,4,6-trichlorophenol
3,4,5-trichlorophenol

2',3,5-trichloro-4-biphenylol
2',4' 6'-trichloro-4-biphenylol
2',5,5'-trichloro-2-biphenylol

2,3,4,5-tetrachlorophenol
2,3,4,6-tetrachlorophenol
2,3,5,6-tetrachlorophenol

3,4',5-trichloro-4-biphenylol
2',3'4',5'-tetrachloro-4-biphenylol
2',3'4' 5'-tetrachloro-3-biphenyl
3,3',5,5'-tetrachloro-4,4'-biphenyldiol
2',3'4',5,5-pentachloro-2-biphenylol
2',3,3',4',5"-pentachloro-2-biphenylol

Hydroxylated Biphenyls
2-biphenylol
3-biphenylol
4-biphenylol
3,3"-biphenyldiol
4,4"-biphenyldiol
2,2"-biphenyldiol
2,5-biphenyldiol
3,4-biphenyldiol

Amines
N-nitrosodimethylamine
N-nitrosodi-n-propylamine
N-nitrosodiphenylamine
4-nitroso-N,N-diethylaniline
benzidine

3,3'-dichlorobenzidine

1,2-diphenylhydrazine

pentachlorophenol
3,5-dimethylphenol
2,3,6-trimethylphenol
2,3,5-trimethylphenol

Chlorinated Naphthols

4-chloronaphthol
2,4-dichloronaphthol

Chlorinated Anilines

2-chloroaniline
3-chloroaniline
4-chloroaniline
2,3-dichloroaniline
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Cont. Table 410. Environmental Pollutants That Have Been Determined by
Oxidative and Reductive Amperometry Coupled with HPLC

Reduction

Organocompounds Pesticides
Methylmercury Carbamates (see Table 4.11)
Ethylmercury
Phenylmercury
Diphenylmercury
Diphenylthalium
Triethyllead
Triphenyllead
Trimethyllead

Source: Reproduced with permission from Bioanalytical Systems, Inc.

The standard EPA method (Method 604) for the determination of phenols
is liquid-liquid extraction and derivatization followed by GC-ECD. Limits of
detection between 0.58 — 2.2 ppb have been obtained for the 11 high priority
phenolic pollutants.”®* As mentioned earlier, HPL.C with UV detection (at 254
nmy) is nonselective and is problematic because of the weak adsorption of these
chromophores. High-speed LC with electrochemical detection is a method suit-
able for screening large numbers of samples quickly.

In view of the polar nature of phenols, reversed-phase LC with chemically
bonded stationary phases is usually used with weakly acidic mobile phases
containing ion-pairing agents. Traces of phenols have been determined in such
variant matrices as potable water,'##23 5ol % river water,” commercial bev-
erages,”? orange rind,® pimento,® and spices.”

Dual-electrode detection is particularly useful in the identification of
phenols in complex matrices. Figure 4.28 contains simultaneous oxidative and
reductive LC-EC chromatograms of the 11 higher priority phenolic pollutants
at parallel-adjacent glassy carbon electrodes at -0.75 V to +0.98 V (vs. Ag/
AgCl)."” The upper trace corresponds to four phenols containing reducible
nitro groups; the lower recording contains the peaks for all the phenols that
can be oxidized.

Pesticides. Pesticides of the carbamate class and amine-derived compounds
(Table 4.11) can be oxidatively determined. Detection limits as low as 40 pg
have been obtained after separation by a C ; reverse-phase LC column.”2?
These limits are superior to other competitive methods for the direct determi-
nation of carbamate pesticides without preconcentration, including direct-in-
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~0.75V

FIGURE 4.28. Simultaneous oxidation and reduction chromatograms of priority pollutant phenols
with parallel-adjacent glassy carbon electrodes at -0.75 and +0.98 V (vs. Ag/AgCl). Linear gradi-
ent from 30% v /v acetonitrile, 70% 0.05 M NaClO,/0.005 M citrate, pH 3.8 to a 50/50% mixture
within 15 min, and then to an 80/20% mixture within 20 min. Flow rate, 2.0 mL/min. Column,
Biophase ODS, 5 um, 250 x 4.6 mm. 1, phenol; 2, 2,4-dinitrophenol; 3, p-nitrophenol; 4, o-
chlorophenol; 5, 4,6-dinitro-o-cresol; 6, 2,4-dimethylphenol; 7, 4-chloro-3-methylphenol; 8, o-
nitrophenol; 9, 2,4-dichlorophenol; 10, 2,4,6-trichlorophenol; 11, pentachlorophenol. (Reproduced
with permission from Roston et al.'%)

jection GC (>10 ng), LC with variable-wavelength UV detection (1-10 ng) and
fluorescence detection after derivatization (1-10 ng). Microarray Kelgraf elec-
trodes are also reported to yield lower detection limits (50430 pg range) than
other electrode materials including glassy carbon.?® Representative chromato-
graphic traces for a river water sample are shown in Figure 4.29.2%

Derivatives of thiourea (TU) such as alkylthiourea, ethylenethiourea,
N,N’-diphenylthiourea as well as other pesticides can also be oxidized at mod-
est potentials and thus determined directly or via complexation of the
thiocarbonyl group with mercury ions®#

Hg + 2TU — Hg(TU),* + 2

The limiting current for this oxidation is proportional to the ligand concentra-
tion. The detection at +0.19 V is not very sensitive (the detection limit is ~10
ng), but the analysis has good selectivity. Therefore ethylthiourea can be deter-
mined in urine without sample pretreatment.
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Table 4.11. Carbamate and Amine Pesticides

Trade Name Chemical Name Chemical Structure
}I{ h) CH;
Aminocarb 4-(dimethylamino)-m-tolyl CH3;-N-C-O N(CHj3);
methylcarbamate
OHO
i
Asulam methyl [(4-aminobenzene)- NH; S-N-C-O-CH;
sulfonyl]carbamate !I)
OH
1
O-C-N-CH;
BPMC 2-sec-buty1phenyl CH-C,Hs
N-methylcarbamate
CH;
OH
I
O-C-N-CH3
Carbaryl 1-naphthyl N-methyl-
carbamate
HOH
. . N
Carbendazim methyl 2-benzimidazole- \>_ N-C-N-CH;
MBO) carbamate N
1
H
1
c (0]
Chloramben 3-amino-2,5-dichloro- EOH

benzoic acid

HN Cl
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Cont. Table 4.11. Carbamate and Amine Pesticides

Trade Name Chemical Name Chemical Structure
i
N-C-O-CH(CHj3),
Chlorpropham isopropyl N-(3-chloro-
phenyl)carbamate
Cl
[
O-C-NH
Desmedipham 3-ethoxycarbonylamino-
phenyl N-phenylcarbamate
Il\]_ﬁ_o_csz
H O
Cl
Dichloran 2,6-dichloro-4- ON NH,
nitroaniline
Cl
CH;
(o) H—< />
I
O-C-NH
Phenmedipham  3-methoxycarbonyl-
aminophenyl N-(3'- N-C-O-CHj
methylphenyl)carbamate | 1
H O
@]
Il
Cl /N C-OH
Picloram 4-amino-3,5,6-trichloro- |
picolinic acid Cl N cl
NH,

Source: Anderson and Chesney.?®
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FIGURE 4.29. Chromatographic separation of pesticides in river water. Eluant methanol/aque-
ous acetate-phosphate buffer (58:42); flow rate, 0.90 mL/min; background current offset, 129 nA;
applied potential +1.1 V vs. Ag / AgCl; working electrode, Kelgraf (15% graphite by weight), sheathed
in Kel-F. All samples injected in 20 uL volume. (a) River water spiked with 7.50 x 107 M concen-
trations of all pesticides: (1) solvent front, (2) carbendazim (2.8 ng), (3) aminocarb (3.1 ng), (4)
desmedipham (4.5 ng), (5) dichloran (3.1 ng). (b) Unspiked river water: (1) solvent front. (Repro-
duced with permission from Anderson et al.”)

MINUTES

FIGURE 4.30. Chromatographs of a turnip green sample using series ultraviolet and electro-
chemical detection: 40.04 ng of methyl parathion and 44.52 ng of ethyl parathion injected; mobile
phase, 64% acetonitrile, 36% 0.05 M ammonium acetate, pH 5.0; flow rate, 1 mL/min; UV detector
at 270 nm; EC detector at -0.97 V vs. Ag/AgCl. (Reproduced with permission from Clark et al.?*)
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Table 4.12. A Listing of Agricultural Chemicals Suitable for HPLC-hv-EC

S
I

S
Il
(CH30),P-0 —@—s—@— O-P(OCH3),

Abate

S o) S

I ll I
(CH50,,P-0 —@—&cm (CH;0),P-0 @—NOZ

Dasanit Parathion

o S H
|
N-CH,SP(OCHs), (CH30),P-8 — C— COOC,Hs
N |
N* CH,COOC,Hs
Guthjon Malathion

I
S-P~OGC;Hs);

S~ﬁ—(OC2H5)2
S
Dioxathion
S S
I I
(GHs0),P-CH,-S-C,H5 (G;H50),-P-S—CH,-S-P—(OC,H5s),
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Cont. Table 4.12.

A Listing of Agricultural Chemicals Suitable for HPLC-hv-EC

o) S
o=lsl—©—o—{l—(OCH3>z
(CH3)21\§
Famphur

OH S

I
N—C:—S—P—(OCH3)2

O H

Imidan

OC;Hs

C2H50—Ill>—S H,
S

N
O=C_
Cl

Phosalone

I
N—— N—CH,-S-P—(OCHs),

I
CH;0 0

Supracide

C,HsO-P~(SC;H,),

Mocap

S
O
o
EPN

S Cl

l

IID— Br
OC,H;s I
Leptophos

(0]
S
I
(GHs0O),P-O Cl
CH3
Coumphos
(0]
Il
(GHs0),P-C Hz—I\II
°N
Ethyl Guthion

SN
LA

Il
(C,H;0),P-0~ °N

S
N(C,Hs),
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Source: Dung and Krull.295
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FIGURE 4.31. Comparison of selectivity of electrochemical (upper trace) and ultraviolet (lower
trace) detectors for a group of pesticides possibly present in runoff waters from middle Tennessee.
Approximately 35 ng of each pesticide was injected. Chromatographic conditions were the same
as those in Figure 4.30. (Reproduced with permission from Clark et al.?*)

Organophosphorous compounds such as ethyl and methyl parathion (Table
4.12) used to be popular pesticides and have been applied to a variety of crops
including green vegetables. These applications leave residue on the produce
and also in surface waters that drain from the cropland. Reductive
amperometric detection has been employed for the analysis of these pesticides
in runoff water®*®* as well as in green vegetables.” In the latter case, a series
UV/EC detection scheme was employed for the analysis of the effluent from
an octadecyl silane column. The UV detector responded to a greater number
of compounds, on the one hand, while the greater selectivity of the electro-
chemical detector afforded quantitation capability without the necessity of good
chromatographic separation from the interfering plant matter. Figure 4.30 con-
tains both types of chromatograms from a turnip green sample.”* The identifi-
cation of the pesticide peaks is more reliable in the electrochemical case. Fig-
ure 4.31 and Table 4.13 contain data from a further suite of 14 pesticides.

Oxidative detection of malathion, parathion, and other similar pesticides
has been reported using on-line UV photolysis coupled with either FIA or
HPLC?*® and dual-electrode oxidative detection. Table 4.12 lists the agricul-
tural chemicals that have been successfully analyzed by this HPLC-hv-EC
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Table 4.13.  Electrochemical and Ultraviolet Response Characteristics of Some
Common Pesticides

Compound Relative Retention Absorbance Electroactive
Time max, nm (at-0.85V)a
Alcohol 1.20 235 No
Atrazine 0.67 265 No
Carbaryl 0.64 280 No
Carbofuran 0.62 270 No
Chloropyrifos 3.86 290 No
Diazinon 1.73 245 No
Dyfonate 1.80 240 No
Ethyl parathion 1.63 270 Yes
Fenitrothion 1.16 265 Yes
Lannate 0.47 233 No
Methyl parathion 1.00 270 Yes
p-Nitrophenol 0.48 310 Yes
Orthene 0.43 220 No
Trifluralin 4.57 270 Yes

a4 Potential versus Ag/AgCl reference.

Source:  G.J. Clark, R. R. Goodin, and J. W. Smiley, Anal. Chem. 57, 2223 (1985);
D. C. Paschal, R. Bicknell, and D. Dresbach, ibid. 49, 1551 (1977).

method. Figure 4.32 illustrates typical chromatograms for a mixture of six stan-
dard thiophosphates at the 0.4 - 2.0 ppm levels.?® These dual traces were ob-
tained from a single injection with the two electrodes in the parallel mode. No
response was obtained with the UV lamp off, suggesting that (as yet unidenti-
fied) electroactive species are photolytically generated.
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FIGURE 4.32. HPCL-hv-EC dual detector chromatograms for a mixture of standard thiophosphate
agricultural chemicals. HPCL used an RP C-18 10 um column with MeOH-0.2 M NaCl (70:30)

mobile phase at a 1.2 mL/min flow rate and BAS GC dual electrodes. (Reproduced with permis-
sion from Dung and Krull.?*)

Organophosphorous pesticides can also produce phenolic compounds
through ester cleavage. For example, Fenitrothion (I)

S CHs
I
(CH;0),P-O NO,
I

produces 3-methyl-4-nitrophenol upon base hydrolysis.*® These phenols can
be oxidatively determined as discussed earlier. Detection limits in the 0.1-2 ng
range were quoted for these compounds using a bonded octadecyl silane col-
umn fitted with a carbon fiber-based electrochemical flow detector.*
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Amines. These compounds enter the environment either directly as in-
dustrial wastes or indirectly as degradation products of pesticides and azo dyes.
Many of these substances are highly toxic or mutagenic or both. Because of
their polar nature, GC analysis requires derivatization to prevent problems
associated with adsorption and peak tailing. Detection strategies for use with
GC or HPLC include flame ionization, flame thermionic emission, mass spec-
trometry, thermal energy analysis, conductivity, UV-visible absorption, polarog-
raphy, amperometry, and pulsed photoelectrochemistry.””

Aromatic amines are readily oxidized at modest potentials (Chapter 3).
The half-wave potentials for important carcinogenic aromatic amines are com-
piled in Table 4.14. Aliphatic amines (e.g., N-nitrosamines) require higher po-
tentials, although reductive detection can also be employed in this instance.
However, a difficulty is dissolved O, interference — the deaeration step can be
problematic because of the volatility of the N-nitrosamines. A chemically modi-
fied glassy carbon electrode has been used for oxidative detection of these com-
pounds, where ruthenium oxide stabilized by cyano crosslinkages acts as an
electron mediating catalyst atop the glassy carbon electrode. A detection limit
of ~10 nM was quoted by the authors for these compounds.”” For the determi-
nation of aromatic amines, a UV detector was combined with LC detection to
provide specificity and an alternative to the latter for those cases where UV
interferences at 280 nm are negligible or can be removed from the water by an
acidic extraction cleanup.”® As with the cases shown in Table 4.15, the UV
detection was about 50 times less sensitive than oxidative amperometry. In all
these cases, the LC was operated in the reverse-phase mode. Aromatic amines
and their derivatives (e.g., chloranilines) have been determined in body flu-
ids,?**% atmosphere,* s0il,* and water.”® For the air analyses, the compounds
were first adsorbed on fiber filters and then extracted with methanol prior to
analyses.®

Sulfur Compounds. As mentioned earlier, the use of GC for the analyses
of these compounds is often limited by the lack of volatility and the thermal
instability in these compounds. An LC approach not requiring efficient sepa-
ration is attractive in this regard, and this is facilitated by selective detection.
Sulfur-containing pesticides (e.g., parathion, malathion) have been discussed
earlier. A variety of other sulfur compounds (e.g., thiols, sulfides, disulfides,
isothiocyanates, sulfones, thioureas) are amenable to amperometric detection
of both types, via oxidative and reductive electrolyses. Table 4.15 compares
the detection limits for UV photometric and amperometric detection.*® Aryl
thiols and sulfides have lower detection limits (relative to the alkyl and
cycloalkyl) counterparts because of the stray UV absorption of the benzene
chromophore. For thiols, amperometric detection is advantageous, since in
addition to better sensitivity, it offers a degree of selectivity.
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Table 4.14. Half-Wave (Peak) Potential Values of Some Aromatic Amines and the
Detection Limits Obtained in Ultraviolet Photometric and Amperometric

Detection

Substance E1p (Ep) (V) Detection Limit (ng)
Photometric Amperometric

Benzidine (4,4'-diaminobiphenyl) +0.36 3 0.003
o-Dianisidine (3,3'-dimethoxybenzidine) +0.29 (+1.23) 4 0.05
3,3"-Dichlorobenzidine (+0.51) 16 0.45
3,3'-Diaminobenzidine +0.17 3 0.05
o-Tolidine (3,3'-dimethylbenzidine) +0.33 4 0.03
4-Aminobiphenyl (+0.58) 10 11
4-Nitrobiphenyl -0.73 (DME) 12 —
1-Naphthylamine (+0.51) 114 14
2-Naphthylamine (+0.58) 114 9.0
2,5-Diaminotoluene +0.45 12.2 0.06
4,4'-Methylenebis-(o-chloroaniline) +0.29 (+0.63) 5 4.6

Source: J. Barek, V. Pacakova, K. Stulik and J. Zima, Talanta 32, 279 (1985).

Metabolites. The majority of toxic compounds are in themselves relatively
inert and require metabolic activation to form species that initiate chemical
damage within an organism. In vitro techniques are useful because of their
ability to focus on a specific metabolic action. For example, the liver microso-
mal fraction has become popular for studying the initial metabolism of
xenobiotics. The reactive intermediates that are formed enzymatically are
formed in extremely low concentrations, and new analytical methodology to
determine the mechanism by which they form, has become necessary. This is
because conventional procedures require either lengthy preconcentration steps
to detect metabolites or the use of radiolabels followed by chromatography.
Some compounds (e.g., hydroxylamine) may decompose during these work-
up procedures. In these instances, LC-EC detection is effective and has been
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Table 415.  Detection Limits in HPLC Analysis of Sulfur Compounds with UV and
Amperometric Detection

Compounds Detection Limits
UV Detector Amperometric Detector
Dng Dppm’” Dng"* Dppr”
Thiols
Alkyl 380 48 42¢ 0.54
Aryl 0.8 0.01 0.24¢ 0.003
Cycloalkyl 1.30 17 17¢ 0.21
Sulfides
Alkyl 700 10
Aryl 07 0.01
Cycloalkyl 200 25
Disulfides
Alkyl 50 0.6
Aryl 10 0.1
Isothiocyanates
Aryl 0.6 0.009 od 0.12
Thioamides
Alkyl 0.5 0.007 3d 0.03
Aryl 0.2 0.003 5d 0.06
Sulfones
Aryl 25 0.3
Thioureas
Alkyl 1 0.01 0.25¢ 0.003
Aryl 0.4 0.005
2 Nanograms on-column required to produce a signal/noise ratio of 2.
b Injection volume assumed to be 100 uL.
¢ Detector potential E = +0.5 V vs. Ag/AgClL
d

Detector potential E =-1.0 V vs. Ag/AgCL

Source: J. A. Cox and A. Przyjazny, Anal. Lett. 10, 869 (1977).
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used for studying the oxidative metabolism of such compounds as aromatic
amines,***% benzene,* and azo dye intermediates.”* For example, a dual-
electrode LC-EC detector in the series mode permitted determination of 4-
nitroaniline and its metabolites (2-amino-5-nitrophenol, N-hydroxyl-4-
nitroaniline) from the commonly used textile dye, Disperse Orange 3, in incu-
bation media.?”’ Detection limits for these compounds were in the subpico-
mole range. Similarly, preconcentration of microsomal metabolites of benzene
via solvent extraction of the incubation mixture permitted LC-EC detection of
hydroquinone, catechol, and dihydroxy derivatives in addition to the major
metabolite, phenol.3
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FIGURE4.33. Eliminating the interference of heavy metals on the organomercury measurement:
(A) simple amperometric detection at -0.83 V of a 5 x 10% M solution of MeHg*, Cu?", Cd** and
Pb?; (B) same conditions except 10# M EDTA has been added to the sample; (C) chromatogram of
the same sample as A except the detection is in the differential pulse mode of detection at -0.74 V.
(Reproduced with permission from MacCrehan and Durst.*”)
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Organometals. The difficulties with analysis of “real-world” samples for
organometals were presented in an earlier paragraph. In general, GC separa-
tion requires thermally stable, strong complexes of cationic organometals (e.g.,
CH,Hg") to be made by derivatization before analysis. Reductive amperometric
detection has been coupled with reverse-phase LC for the determination of a
variety of organometals including methyl-, ethyl-, and phenylmercury and
trimethyl- and triethyllead.®*” Figure 4.33 contains representative data.*” Si-
multaneous collection of other reducible species (e.g., Cd*, Pb*, and Cu*)isa
problem that can be circumvented by altering either the separation chemistry
(see Figure 4.33B) or the selectivity of the detector by employing a differential
pulse waveform (see Figure 4.33C). In the former instance, ethylenediamine
tetraacetate (EDTA) was added to the samples prior to injection. The EDTA
apparently forms stronger complexes with the divalent ions than 2-
mercaptoethanol (which was added as a complexing agent to neutralize the
positive charge on the organometal cations),®? but methyl- and ethylmercury
do not. In the latter instance, the detector response is limited to a small poten-
tial window (see Figure 4.34), thus providing discrimination from other
coeluting species. This approach has the advantage of minimizing sample ma-
nipulation and handling prior to analysis. The detection limit for methylmer-
cury was 40 pg, and this substance was determined in tuna fish and shark
meat.?” A recent study also combines HPLC and PAD for the separation and
determination of alkyl lead compounds.*®

DIFFERENTIAL
PULSE
DETECTION

CURRENT

—-.-AE

Eupuen
APPLIED POTENTIAL

FIGURE 4.34. Hydrodynamic voltammetry of three reducible, coeluting species. The potential is
pulsed in a small window, AE to provide analyte discrimination. (Reproduced with permission
from MacCrehan and Durst.?”)
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Metals and Inorganic Anions. Atomic absorption spectrometry is most
commonly used for the determination of “heavy” metals such as Pb, Cd, Hg,
Co, Ni, Cr, and Cu. However, this method is time consuming if more than one
element is to be determined. Dithiocarbamates (II and III)

CH,CH S
S\\ d o N C—N
C—-N —
-/ N\ - \
S CH,CH3 S

II III

AN

(dtc’) have been used for complexing a variety of metal ions and determining
them by a combination of HPLC and either UV photometric or amperometric
detection.?¢%83%310 Many of these complexes undergo ligand-based oxidation,
and this irreversible reaction can be used as a basis for oxidative amperometry.
This contrasts with the reductive electrochemical approach commonly used
for the analysis of these metal ions (see later). One problem with the
amperometric detection was the interference from the excess ligand. This could
be partially circumvented via the use of a suppressor (guard) column to bind
the dtc ligand via anion exchange. Limits of detection “substantially less than
1 ng” have been quoted by the authors.?””

Inorganic anions such as nitrite, phosphate, and bromide have been deter-
mined either by FIA®" or ion chromatography®? coupled with amperometric
detection. In the former case, acidic bromide and molybdate were added to
the flow stream and the resultant nitrosyl bromide and molybdophosphate were
determined amperometrically.®” The electrochemistry underlying the detec-
tion strategy was not described in detail by these authors. Bromide in snow
samples was determined with a detection limit of less than 1 ppb (without
preconcentration) by using a silver electrode coated with a Agl layer3? The
usual method of ion chromatography coupled with conductivity detection fails
in this case because of the large excess (~100-fold) of other anions (e.g., NO,)
normally present in environmental samples. Other interesting applications of
amperometric sensors for inorganics include an in-line method for monitoring
pulp bleaching with chlorine dioxide.® The reduction of chlorine dioxide yields
chlorite, and the concentrations of chlorine dioxide and chlorite measured by
the in-line amperometric method correlates well with the standard titrimetric
method.*® The purpose of chemical pulp bleaching is primarily to remove
lignin, and in the final (bleaching) stage to remove colored compounds from
the pulp. These results suggest that the amperometric approach may also be
used for monitoring chlorine dioxide in water treatment plants. Chlorine di-
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oxide is now being considered a chlorine substitute for water disinfection be-
cause of the problems associated with the latter, of disinfection by-products
(Chapter 7).

4.6. AMPEROMETRIC GAS SENSORS

The earliest successful amperometric gas sensor is the Clark electrode used
for O, determination.*** This sensor design uses a membrane-covered planar
electrode through which the analyte gas diffuses into a thin (5-15 yim) electro-
lyte layer. Once in the layer, the dissolved O, molecules are electrochemically
reduced, and the magnitude of the resultant (cathodic) current provides a mea-
sure of the concentration of O, in the sampled gas. Figure 4.35 illustrates the
principle. Interestingly, the same electrode can be used for detecting peroxide
in the oxidative mode. Polypropylene or polyethylene are the membrane ma-
terials of choice; the membrane thickness is typically 20-25 pm.*** Both these
polymers are good electrical insulators and their permeability to O, is practi-
cally unchanged in the presence of water vapor. This facilitates their use in
matrices where the relative humidity may vary from sample to sample. Two-
electrode configurations are usually used for the Clark sensor and the refer-
ence/counter electrode is usually silver—silver chloride.

To current measuring circuit
Insulating container
Ag/AgCl reference electrode
Electrolyte

Glass insulating rod

O-ring

Plastic membrane

Pt wire cathode

NI RN~

FIGURE 4.35. Schematic outline of a practical Clark amperometric O, cell. (Reproduced with
permission from Chang et al.*'%)
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FIGURE 4.36. Schematic diagram of the amperometric gas sensor system. (Reproduced with per-
mission from Chang et al*"%)

Figure 4.36 contains a generic structure of an amperometric gas sensor sys-
tem comprising six major parts: filter, membrane (or capillary), working (sen-
sor) electrode, electrolyte, counter, and reference electrodes. Developments in
fuel cell technology have had a major impact on new design configurations for
gas sensing electrodes. For example, Teflon-bonded gas-diffusion electrodes
and the use of Nafion as the membrane material largely have their origin in
fuel cells. In fabricating a gas sensor with fast response time, it is useful to
analyze the time constants associated with the discrete steps that form the sen-
sor strategy.”®® The following steps have been identified for the gaseous analyte
(see Figure 4.37).%'¢ (a) transport or permeation to the surface of the gas-perme-
able membrane; (b) diffusion through the membrane; (c) dissolution in the in-
ternal electrolyte; (d) further reaction—-dissociation in the electrolyte; (e) diffu-
sion to the sensing electrode surface; and (f) electrochemical reaction at the
sensor surface.

Progress in mathematical modeling of these individual steps has been re-
viewed for important sensor designs including the Clark electrode.’® The over-
all system response can be viewed as a “resistance” to current passage as fol-
lows:

1/R(s) = 1/R(d) + 1/R(m) + 1/R(k) (4.10)
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FIGURE 4.37. Schematic diagram of the process of electrochemical gas sensing. The shaded
region comprises the membrane. Processes a through e are discussed in the text. (Reproduced
with permission from Tierney and Kim.?)

where R(s) is the system resistance, R(d) is the diffusion resistance, R(m) is the
membrane (electrolyte solubility and mass transport) resistance, and R(k) is
the “resistance” of the electrocatalytic reaction. In most sensor designs, the
second and third terms on the right hand side of (4.10) are the rate-controlling
steps. This is because membrane diffusion (D: ~10® — 10%° ¢m?/s) and mass
transport in the internal electrolyte are slow relative to mass transport in the
gas phase. Further, steps d and f are usually fast, and the latter can be further
optimized by suitable electrocatalytic modification of the sensor surface. The
time for step e can be reduced by pressing the sensor electrode against the gas-
permeable membrane so that the electrolyte layer is thin. Usually step b is the
rate-limiting step.

Recent innovations in ensuring fast sensor response have included the use
of an extremely thin (2 um) Teflon film as the gas-permeable membrane,*” and
the elimination of a separate gas-permeable membrane altogether'¢ In the
former instance, a response time of 40 ms was attained. In the latter case, a
porous substrate with thin-film electrodes deposited on it such that the elec-
trodes were porous as well, was utilized. A solid layer of polymer electrolyte
(Nafion gel) covers the electrodes but does not protrude into the pores of the
substrate. The electrochemical reduction (or oxidation) of the analyte gas be-
gins when the gas reaches the “triple points,” sites where the electrode, the
electrolyte, and the gas phase meet (Figure 4.38A).3% A response time of 150
ms was attained with this design for O, detection (Figure 4.38B). The same
sensor design was also used for the detection of NO and CO,, the latter in the
potentiometric mode (see Figure 4.7).
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FIGURE 4.38. Structure of a solid polymer electrolyte membrane/electrolyte interface and re-
sponse of the O, sensor to a step change from 0 to 100% O,. Applied potential -0.6 V vs. Ag/Ag,0.
(Reproduced with permission from Tierney and Kim.*)

A variety of analytes have been determined using amperometric gas sen-
sors, including hydrocarbons and carbon—-oxygen compounds, oxides of nitro-
gen and sulfur, other sulfur compounds (e.g., thiols, H,S), reduced nitrogen
species (e.g., NH,, N,H,, amines), and miscellaneous species such as O,, Cl,,
HCI, HCN, PH,, AsH,, and CFCs. Table 4.16 provides a representative listing.
Detection limits for most of these analytes are in the ppm range, although in
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Table 4.16. Examples of Amperometric Gas Sensor Reactions

Analyte Sensor Electrochemistry
NO; NOz + 2HY + 2¢” - NO + HO
NO NO + 2Hp0 — NOs2 + 4HY + 2¢”
N;O N2O + HO + 2¢” —» Ny + 20H
co CO + HyO —» CO; + 2H' + 2¢”
COA CO; + HyO + 2¢” — HCOO™ + OH”
O3 O3 + 2¢ + 2H" - Oy + H2O

2 Indirect sensing strategies have been developed; refer to text.

some cases, they have been extended to the ppb range. A variety of electrode
materials have been used including Au, Ag, Pt® and porous carbon felt.>®
Some of these materials afford selectivity in detection. For example, the oxida-
tion of CO at Pt is facile whereas it is very slow at Au. In contrast, H S is very
reactive to the Au surface. Therefore a mixture of H,S and CO can be selec-
tively analyzed for the former at a Au sensor surface. Frequently, the potential
can also be controlled for selective detection. For example, NO oxidation does
not occur at potentials below 1.0 V but NO, can be reduced at this surface at
~0.8 V. Hence NO, can be detected in the presence of NO by poising the gold at
0.8 V.

An interesting example where the analyte is not directly electrolyzed is
contained in recent reports on a new CO, sensor strategy.**** The sensor re-
sponse arises in this case from changes in the electrochemistry of a solution of
Cu(II) (bis-1,3-propanediamine) ion in aqueous potassium chloride when it is
contacted by an atmosphere of CO,. The addition of CO, to the electrolyte
leads to a decrease in its pH and the conversion of the diamine complex to
uncomplexed Cu?; the equilibrium concentration of Cu?* is detected
amperometrically in this sensor.

Applications of amperomeric gas sensors have been recently reviewed 3552
Apart from environmental applications related to process (flue gas) monitor-
ing, industrial hygiene/safety, and indoor air pollution, another major realm
of applicability is the clinical area. The latter application has been reviewed.?
For example, there has been commercialization of O, sensors for transcutane-
ous monitoring in infants. Measurements of the partial pressure of O, in blood
constitute a major clinical application of amperometric gas sensors.
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Finally, an important application for gas-phase amperometry is as a water
or humidity sensor. Perhaps the most advanced sensor design in this category
is that based on the use of P,0,.** This material is well known for its affinity to
water. The electrolysis of syrupy H,PO, as a film between two electrodes yields
P,O, as a paste; uptake of H,O by P,O, yields a current on imposition of suffi-
cient potential across the two electrodes for the electrolysis of water:

H,0(g) 2 H,0 (film) — H, (cathode) + %Oz (anode)

The relative fragility of the P,O, film and its decomposition on expo-
sure to high humidity levels continue to be problems. To this end, amperometric
microsensors for water have been recently described that incorporate
perfluorosulfonate ionomer (PFSI) membranes (e.g., Nafion, Dow PFS1) into
the sensor design.*?** These sensors are reported to have fast response times,
no significant hysteresis or flow-rate dependence, and feature amenability to
operation from sub-ppm to saturation levels of water.

4.7. STRIPPING ANALYSIS: SPECIALIZED ASPECTS

Stripping voltammetry was introduced in Section 2.6.2. It was seento be a
two-step technique incorporating a preconcentration (analyte accumulation)
step followed by a “probe” scan. We shall explore aspects of this versatile
trace-analysis approach in more detail in this section. Anodic stripping
voltammetry (ASV) is the forerunner of this category of techniques. Interest-
ingly enough, it has been pointed out®® that much of the progress since the
1960s has been due to an improved understanding of the chemistry underly-
ing the preconcentration step rather than because of instrumentation or com-
putation advances. This trend is distinct from other areas of analytical chemis-
try, such as spectroscopy and chromatography, where many of the technologi-
cal advancements are computationally driven (e.g., multiplex spectroscopy,
array detection). Much of the innovation in the area of stripping analyses is
related to expanding the scope of the technique and enhancing the sensitivity
or the limit of detection. Therefore, the advent of adsorptive stripping
voltammetry (discussed next) has expanded the range of measurable analytes
from about 25 trace metals originally to about 45 elements.3?

4.7.1.  Adsorptive Stripping Voltammetry
The preconcentration step in classical ASV consists of deposition of the

analyte (metal ions) onto a mercury electrode. Thus, amalgam-forming ele-
ments are collected efficiently, whereas elements that do not form an amalgam
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FIGURE 4.39. Standard reduction potentials to the metallic state of a number of metals in
noncomplexing and acidic conditions. (Reproduced with permission from van den Berg. %)

with mercury or are reduced to the metallic state at very negative potentials
cannot be determined.

Figure 4.39 lists the environmentally important metals that can be deter-
mined by ASV at mercury-based electrodes, along with many others that are
precluded. The dotted lines in the figure show the boundaries that encompass
the analyzable metals — their boundaries are defined by the overpotential of
hydrogen discharge (at the negative limit) and the susceptibility of mercury to
oxidation beyond ~0.8 V. Unfortunately, however, the positive limit is shifted
toward more negative potentials (by ca. 0.4 V) by chloride complexation of
Hg(I)** such that measurements in “real-world” matrices (e.g., seawater) are
limited to a rather smaller potential window than that indicated by Figure 4.39.
The reduction potentials in Figure 4.39 are also shown for noncomplexing and
acidic media.

The other practical difficulty with conventional ASV is that many of the
metals are clustered together in Figure 4.39 (e.g., Sn, Pb, Tl, and Cd). The con-
centrations of Pb and Cd, though low, tend to be much higher than Sn and Tl so
that only the former two metals are determinable in natural water. These and
Cu and Zn are the only species present in uncontaminated waters at detectable
levels so that ASV (without further preconcentration steps such as solvent ex-
traction or ion exchange and masking or complexation techniques) of natural
water is limited to these four metals.®®

Adsorptive stripping voltammetry exploits the unique selectivity of inter-
facial adsorption for the preconcentration of analytes at the electrode surface.
In that the initial deposition step does not utilize conversion to the metallic
state, any oxidation state can be collected with two concomitant advantages:*>
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FIGURE 4.40. Effect of increasing the square-wave frequency on the peak current for 2 nM Cu in
seawater. The measurements were performed on board a ship in the North Atlantic. The condi-
tions were 25 pM quinolin-8-o], 0.01 M borate buffer (pH 8.3), 90 s adsorption at -0.25 V. (Repro-
duced with permission from van den Berg. %)

* Any element with a reduction potential (any reduction potential, not just
that to the metallic state) falling within the stability range of mercury and
hydrogen, is accessible.

* The material is collected as a monolayer on the surface, so that all the ma-
terial is instantaneously accessible to assay. Thus, there are no diffusion
limitations (as in conventional ASV) and fast potential scan techniques (e.g.,
square-wave or staircase voltammetry) can be employed, producing larger

signals.

The analyte material that has been collected via adsorption is usually quan-
tified by reduction of either the metal or the ligand in the complex. Unlike in
ASV, the oxidative analysis is less frequently employed. Occasionally, the cata-
lytically accelerated reduction of dissolved reactants can be utilized to quan-
tify the adsorbed material.®* Table 4.17 lists environmentally important spe-
cies that have been successfully determined by adsorptive stripping
voltammetry.*” The sensitivity of adsorptive cathodic stripping voltammetry
(ACSV) is very high, with typical limits of detection being at the pM —nM level.
Importantly, the analysis time can be much reduced (relative to ASV) by using
square-wave modulation at high frequencies by reducing the width of the po-
tential step. Figure 4.40 provides an example of the signal enhancement ob-
tained with high-frequency modulation for the specific instance of Cu assay of
seawater.’” These data were acquired on site on a measurement vessel in the
North Atlantic.

One difficulty with ACSV is interference from competitive adsorption by
surface-active organic compounds. Thus the natural surfactants present in
fresh or estuarine waters diminish significantly the sensitivity of ACSV. This is
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Table 4.17. Examples of the Application of Adsorptive Cathodic Stripping
Voltammetry to Environmentally Important Species

Analyte Reagent? Buffer (pH)? Limit of Scan Typed
Detection®

Reduction of the

Element
As Copper 1MHC] 3 DP
Cd Quinolin-8-0l HEPES (7.8) 0.1 DP
Co DMG NH4t (9.2) 0.1 DP
Cu Quinolin-8-0l Borate (8.5) 0.2 DP
Cu Catechol Borate (8.5) 0.3 DP
Cu Tropolone Borate (8.5) 04 DP
Fe Catechol PIPES (6.8) 2 DP
I Copper Acetate 3 DP
1 Mercury(]) Natural pH 0.6 SW
Pb Quinolin-8-ol HEPES (7.8) 0.3 DP
Se Copper (NHy),S04 3 DP
U Quinolin-8-0l PIPES (6.8) 0.2 DP

Reduction of the

Ligand
Mn Erichrome Black T PIPES 5
U Mordant Blue Acetate 1

Catalytic Effects
Cr DTPAe Acetate 0.5

a DMG = dimethylglyoxime; DTPA = diethylenetriaminepentaacetic acid.

b HEPES = N-hydroxyethylpiperazine-N’-2-ethane-sulfonic acid; PIPES = piperazine-N,N’-bis-

2-ethanesulfonic acid.

Quoted in ppm for 60 s accumulation time.

DP = differential pulse; SW = square wave.

e Nitrate is used as the solution reactant, and the catalytic oxidation of Cr(II) to Cr(III) by NO3”
is used as a measure of the chromium concentration.

WUn

Source: C.M. G. van den Berg, Anal. Chim. Acta 250, 265 (1991).

less of a problem with seawater analyses especially for samples of deep-sea
origin. Another problem is the strong complexation of trace metals by the or-
ganic matter present in natural waters. Of course, this problem is not unique
to ACSV. Intraelemental interferences can occur in ACSV if chelates with sev-
eral elements adsorb on the electrode and produce overlapping peaks. Ap-
proaches aimed at solving these problems have been discussed in a recent re-
view.?®
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FIGURE 4.41. Voltammogram for Cd, Pb, and Cu in seawater by anodic stripping with collection:
(a) disk, (b) ring. [Hg?*] = 1.63 x 10°° M; rotation speed 1500 rpm; deposition time 5 min; scan rate
3V/min. The ordinate contains the current response. (Reproduced with permission from Brihaye
and Duyekaerts.>®)

4.7.2.  Anodic Stripping with Collection

This approach®” eliminates the background charging (i.e., capacitive) cur-
rent that is a nuisance with most types of electroanalyses ( Section 2.6.2). Spe-
cifically, an RRDE is used, and the signal is measured at the ring. The ring
potential is maintained constant so that the capacitive contribution is mini-
mized. Figure 4.41 compares stripping (disk) and collection (ring)
voltammograms for Cd, Pb, and Cu in seawater.*® It has been demonstrated®”
that the ring collection signal can be enhanced by increasing the potential scan
rate at the disk, but without paying the price of a concomitant increase in the
capacitive component. The collection approach has been compared with other
stripping modes.*® Anodic stripping with collection has been described for
two mercury-coated glassy carbon tubular electrodes connected in series.** The
effect of various parameters on the collection signal has also been investigated 3%
In general, ASV with collection has not enjoyed widespread use thus far in
trace metal analyses.

4.7.3.  Subtractive Sripping Voltammetry

In this approach, the background current is subtracted from the total cur-
rent to yield only the stripping component. This is done using either a “two-
channel” approach, employing dual working electrodes, or via a single-chan-
nel computerized configuration. In the former case, the same deposition po-
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FIGURE 4.42. Standard addition of Cd(II) to seawater: (a) and (b), subtractive and conventional
stripping voltammograms, respectively, recorded with the original seawater sample; (c)-(g), sub-
tractive voltammograms obtained after successive standard additions of Cd(Il), each increasing
the sample concentration by steps equal to 5.7x 10® M. Original concentration, 3.8 x 10° M Cd(II),
deposition time, 4 min at-1.1V; scan rate, 200 mV /s, solution flow rate, 95 mL./min (potentials vs.
Ag/AgClreference). The ordinate contains the current response. (Reproduced with permission
from Wang and Ariel.*?)

tential is imposed on both electrodes but for different times. During the strip-
ping step, the difference between the two stripping currents is measured. In
this manner, all background current components independent of the deposi-
tion time, are canceled out. Interestingly enough, this approach corrects for
both the nonfaradaic (i.e., capacitance) and Faradaic components of the back-
ground current. Most pulse waveforms (see Section 2.6.2) correct only for the
former. However, major sources of interference in stripping analyses include
redox reactions of soluble species, mercury oxidation, and electrolyte decom-
position. For example, copper near the mercury oxidation regime and zinc
near the HER limit are easily quantified using the subtractive mode. Anadded
advantage is that fast scan rates can be used since the charging current is com-
pensated. Figure 4.42 contrasts the stripping voltammogram obtained for Cd(II)
in the subtractive mode () with that from the conventional mode (b).**

The major difficulty in two-channel subtractive stripping analysis is the
preparation of two symmetrical electrodes with identical geometry, morphol-
ogy, solution hydrodynamics, and the like. Further, the two electrodes are ini-
tially held at disparate potentials (e.g., the “background” electrode at 0 V and
the “analytical” electrode at the deposition potential), thus potentially destroy-
ing the electrochemical identity of the two electrode surfaces. Ingenious at-
tempts have been made to attack this problem. One involves using the same
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(deposition) potential at the two electrodes, followed by a short positive poten-
tial pulse at the “background” electrode to dislodge the deposited analyte prior
to the stripping step.**® The second involves modulation of the solution hydro-
dynamics (e.g., the “analytical” electrode is rotated while the “background”
electrode is held steady) at the two electrodes held at the same deposition po-
tential.** Nonetheless, the background current is not perfectly compensated
for in any of these innovations thus far.

A variety of electrode configurations have been proposed for the subtrac-
tive mode including two HMDESs,* two rotating glassy-carbon based MTFEs,**¢
a rotating split disk electrode,® and two stationary MTFEs.*? Another ap-
proach is based on the use of two cells, one containing the blank solution and
the other, the sample.®® Most of these studies have utilized a linear scan for the
stripping step.

The second approach to subtractive stripping voltammetry relies on com-
puterized data acquisition. Thus, the “background” voltammogram for zero
deposition time is recorded after the normal stripping scan. Subtraction of the
computer-stored background current data from the total current yields the cur-
rent of interest. Here again (as with the dual-electrode case discussed previ-
ously), a point of concern is that the electrode surface may have changed in the
time elapsed between the two “runs.” Another route to obtaining a subtractive
response with a single electrode is possible with FIA. Thus, the “analytical”
and “background” stripping voltammograms can be recorded while the sample
and carrier solutions flow alternately through the detector.®

An interesting approach combines the background correction capability of
subtractive stripping voltammetry with the signal enhancement capability of
multiple (co-added) scans.*® Figure 4.43 illustrates representative data for bis-
muth assay of a seawater sample.** In this approach, a fast linear scan follows
the deposition step, and the data are stored in the on-board computer. At the
end of the “probe” scan, the deposition potential is reapplied, and thus a frac-
tion of the ions is replated. After a 1-s delay, a new scan is initiated and the
data coadded with the previous data. This process is repeated for multiple (10
to 30) consecutive scans. At the end of the sequence, the background current is
recorded after the analyte is completely stripped off from the electrode surface
and after sufficient time has elapsed for the resultant ions to have diffused
away from the electrode. The result, after background subtraction, is enhanced
S/N because of the “multiplex” data acquisition and processing.

4.7.4.  Potentiometric Stripping Analysis (PSA)

This approach®!?# is similar to conventional (voltammetric) stripping analy-
sis in that the metals are preconcentrated either as amalgams (in a thin mer-
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FIGURE 4.43. Multiple scanning subtractive stripping measurements. The sum of 30 analytical
scans (curve 1), 30 background scans (curve 2), and the difference between these sums (curve 3) for
the analysis of a standard seawater sample spiked with 0.1 ppb bismuth at pH 0.8. The ordinate
contains the current response. (Reproduced with permission from Kryger and Jagner.’*)

cury film), electrodeposited (as a thin film) on a solid electrode, or accumu-
lated at the interface via adsorption. However, the stripping mode differs in
PSA, and either an oxidant (e.g., Hg*, O,, or Cr®) or a constant current is used
to remove the analyte, and the potential is monitored as a function of time. A
potential-time curve similar to Figure 4.44 is obtained in the former case.®! A
sharp potential change accompanies the depletion of each metal from the elec-
trode surface. The stripping step therefore can be regarded as a redox titration
with continuous delivery of titrant, that is diffusion of oxidant to the electrode
surface. The time lapse between two consecutive equivalence points (the “tran-
sition time”) is proportional to the analyte concentration:**

[m™]t.6, (4.11)
tM,stripa PSR
61Dax [on]

Where §, and §, are the diffusion layer thicknesses during the preconcentration
and stripping steps, respectively; t, is the deposition time; and D_ and [A ] are
the diffusion coefficient and concentration of the oxidant. For a given concen-
tration of the oxidant and solution hydrodynamics, Eq. (4.11) reduces to
b0 [MP]E (4.12)

M ,strip
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FIGURE 444. Time-potential curve for a mercury drop electrode after preelectrolysis for 3 min
at-1.25 V vs. SCE in a 0.5 M sodium chloride solution containing 1.5 uM of Zn(I1), Cd(II), Pb(Il), and
Cu(Il) and 500 uM of Hg(Il). (Reproduced with permission from Jagner and Graneli.®)
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FIGURE 4.45. Stripping potentiograms obtained at the gold-coated glassy carbon disk (A) and
carbon-strip (B) electrodes, for increasing mercury concentration in 10 ug L steps (a—e).
Preconcentration for 2 min at -0.10 V, from a stirred, non-deaerated solution. Constant stripping
current, +2 pA; electrolyte, 0.05 M HCl. (Reproduced with permission from Wang and Tian.>¥)

Thus, the transition time can be used as a measure of the analyte concentration
for quantitative purposes.

Alternatively, a constant current can be applied and the E~# profile recorded.
Representative stripping “potentiograms” are shown in Figure 4.45 for mer-
cury for two types of electrode surfaces.** These calibration curves were gen-
erated by increasing the mercury concentration in 10 ppb steps from 4 to e,
with the preconcentration and stripping conditions as shown. Figure 4.46 shows
data from the same study*® for a 25 ppb mercury solution with different
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FIGURE 4.46. Potentiometric stripping response to 25 pg L mercury after different
preconcentration times: (a) 0, (b)1, (c) 2, (d) 3, (e) 4, and (f) 5 min. Other conditions as in Figure
4.45. Also shown (as insert) is the resulting plot of peak area vs. time. (Reproduced with permis-
sion from Wang and Tian.?*)

preconcentration periods (0-5 min., a—f). As would be expected from the chemi-
cal oxidant counterpart (see Eq. (4.12)), the stripping signal (e.g., peak area) is
proportional to t,. This stripping mode has also been termed stripping
chronopotentiometry. It must be noted that stripping chronopotentiometry is
not anew technique. For example, the theoretical principles for “voltammetry
at constant current” were reviewed in 1955,%¢ and experimental evaluation soon
followed.? Other early examples are available.*® However, the routine appli-
cation of this technique to the analysis of natural water does not appear to have
occurred until ca. 1987.3%%° As has been pointed out,*' a possible reason for
this is the advent of microprocessor-controlled instrumentation. The signal
shape in constant current PSA (see Figures 4.45 and 4.46) is similar to that ob-
tained in stripping voltammetry, except that, in the latter case, the current is
plotted as a function of potential.

Qualitative identification of the analyte is based either on the location of
the reoxidation potential (i.e., the plateau in Figure 4.44) or on the peak poten-
tial in the constant current mode. Alternatively, the derivative signal can be
employed to locate the inflection in the transition for each analyte in the chemi-
cal oxidant route.?? This strategy is particularly useful for background correc-
tion as illustrated in Figure 4.47; the time lapse between two consecutive points
on the background (“blank”) trace can be taken as a measure of the background
contribution for the particular element oxidized in this potential range. Thus,
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FIGURE 4.47. PSA and background curves for 1 ppb cadmium, 5.8 ppb lead, and 2.8 ppb copper.
Plateaus t,-t, represent the background corrections for cadmium, lead, and copper, respectively.
(Reproduced with permission from Jagner and Aren.>?)

the times ¢, ¢, and ¢, are the background contributions to cadmium, lead, and
copper, respectively.3*

Several advantages have been claimed for PSA, particularly in the chemi-
cal oxidant mode. These include insensitivity to redox-active dissolved spe-
cies including O, and the double-layer charging process. The interference from
dissolved O, and the double-layer charging current to stripping voltammetric
measurements has been noted earlier. Further, PSA has been claimed to be
better suited** to field experiments; for example, for measurements on board a
ship. Frequency and voltage fluctuations in the main power supply in such
remote locations would be potential sources of noise in a DPASV or a SWASV
experiment. The instrumentation for PSA (in either mode) tends to be rather
simpler than for the voltammetry counterpart. Finally, PSA appears to be af-
fected less by adsorbed organics for metal determinations than ASV.3432

For PSA at ppb or sub-ppb range, the stripping is much too rapid unless
very long deposition periods are employed. An on-board microcomputer is
particularly useful in such cases, and signal enhancement strategies such as
background subtraction,® differentiation,®* and multiple stripping and re-re-
duction of the metal analyte®™ can be used in a manner similar to that dis-
cussed in earlier sections in a stripping voltammetry context.

Historically, “chemical” stripping analysis®* is a forerunner of PSA. In this
technique, chemical stripping of potentiostatically deposited metals was used
for trace determination of strong oxidants. Thus, the time required to remove
a known amount of plated silver was found to be inversely proportional to the
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Table 4.18. Historical Development of Working Electrodes for Stripping Analysis

Period Type of Electrode
1950s Hanging mercury drop (Kemula type)
1960s Pre-plated mercury thin film
1970s In situ plated mercury thin film
1980s Ultramicroelectrodes
1990s Screen-printed electrodes
Electrode arrays

Source: Adapted from Wang.370

concentration of the oxidant (see Eqn. (4.11)); for example, Ce(IV), permangan-
ate or Fe(IIl). In the vast majority of cases involving metal analyte ions, PSA
has been employed in the oxidative stripping mode. However, interfacial ad-
sorptive accumulation of the analyte can also be coupled with cathodic strip-
ping, much like the adsorptive cathodic stripping voltammetry (ACSV) case. A
variety of matrices have been examined by PSA including sea water,”** urine,**
beverages,*® fly-ash,*! lake or river water,*? tap water,*? groundwater,*® sedi-
ments and sludge®* and blood serum.® Thus, elements such as Pb, T, Cd, Bi,
Cu, Sn, Zn, and Hg have been determined. The PSA technique has been ex-
tended to alkali and alkaline earth metals (see Figure 4.39) by using organic
solvents and water-organic solvent mixture.*® PSA has also been combined
with FIA for automated determination of metals in groundwater.®® Finally,
the influence of electrochemical parameters on the efficacy of “film” PSA, that
is, the direct concentration of the test ion on a solid electrode (without a mer-
cury film),*5%637 has also been discussed.?

We shall discuss further applications of PSA for speciation studies later on
in this chapter.

4.7.5.  Miscellaneous Aspects of Stripping Analysis

The electrode materials for stripping analyses were discussed in Section
4.4.4. Table 4.18 provides a further historical perspective of electrode materials
within the particular context of stripping analysis. While MTFEs provide un-
surpassed sensitivity for trace analyses and speciation studies (Table 4.1), there
are many advantages in switching to the use of solid electrode surfaces espe-
cially for on-site use in remote locations. In particular, the choice of solid elec-
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FIGURE 4.48. (a) Conventional and (b) screen-printed cells for stripping analysis. (Reproduced
with permission from Wang.*”)

trode materials is compatible with the recent trend toward miniaturization.
This is exemplified both by the recent development of ultramicroelectrodes
(UMEs) and screen-printed electrodes. We have already discussed the former.
Screen-printed electrodes (SPEs) are a relatively recent development. 535366369
Figure 4.48 contrasts the conventional stripping analysis cells and the compact
approach based on the use of SPEs.*® The conventional cells (Figure 4.48a)
obviously are cumbersome, and their operation involves careful cleaning, pro-
longed deaeration time, solution stirring during deposition, and other steps
associated with working electrode pretreatment, conditioning, and the rest.
The SPEs comprise planar carbon or gold working electrode strips and a silver
quasi-reference which are printed on an inexpensive plastic or ceramic sup-
port (Figure 4.48b). The entire assembly is disposable and the sample droplet
tobe analyzed is placed on it. Because of the efficient nonlinear diffusion at the
individual microdiscs (each of ~um dimension), SPEs eliminate the need for
solution stirring during analyte preconcentration. By coupling the sensor ar-
ray to a square-wave modulation waveform or PSA, the need for time-con-
suming solution deaeration is also eliminated. Recent applications of SPEs
have been reviewed.*” Interestingly enough, this recent trend toward the use
of solid electrodes goes against “conventional wisdom,” where materials such
as gold were used for the stripping analyses of only elements (e.g., Se, As, Te)
more electropositive than mercury.”*”? Indeed, the many positive features
associated with the use of Hg (see Chapter 2, Section 2.6) as an electrode mate-
rial have largely outweighed concerns about its toxicity in the past.



4.7. Stripping Analyses 289

The use of UMEs in stripping analysis is also becoming more widespread,
particularly for applications related to on-site use (e.g., portable blood [Pb]
analyzers). This approach is especially attractive because of the requirement
of small sample volumes. Such portable electrochemical analyzers would be
compatible with scenarios where, for example, large numbers of infants need
to be screened for blood [Pb] levels. As with the screen-printed electrode tech-
nology discussed previously, UMEs also eliminate the need for stirring because
of hemispherical diffusion. Use of array detection also results in an improve-
ment in the S/N ratio proportional to the square root of the number of ele-
ments in the array.®” Interestingly enough, this last advantage is unavailable
with PSA, where the stripping time, ¢, is independent of electrode area.**® Car-
bon-based UMEs have been described for blood [Pb] analyses by a number of
authors. 3% Both SWASV® and PSA®! have been used in these studies.

Finally, a new method has been described®” for transporting sample to the
surface of a glassy carbon MTFE for stripping analysis. In this technique, in-
stead of rotating the electrode or stirring the solution, a flat disk having a coni-
cally shaped hole is positioned below the glassy carbon electrode. The disk is
then vibrated at high frequency in the vertical plane, forcing solution onto the
electrode surface in ajet stream. It has been shown that, with proper optimiza-
tion of the geometries of the vibrating disk and the conical hole, higher sensi-
tivity than rotation or electrode stirring can be achieved.””®

Stripping analysis techniques are eminently suited for use with flow sys-
tems for environmental surveillance or industrial quality control. Flow sys-
tems for automated stripping analysis of discrete samples based on either FIA
or the autoanalyzer concepts have been described.®*72” The autoanalyzer is
based on sequential sampling and washing on gas-segmented flow streams.
One of the earliest automated stripping analysis systems appears to have been
developed in 1966, wherein the sequence of preconcentration and stripping at
a HMDE was computer programmed.®® The advent of operational amplifier
modules saw the development of a fully automated apparatus for stripping
voltammetry soon thereafter.®® This setup was used for the determination of
sub—pg quantities of triphenylation compounds. Various flow-through or “flow-
onto” stripping voltammetry systems have been described and applied for the
determination of Se,*? T1,3 As(II[)** and Cd.*”*%* Flow-through configura-
tions have also been used for on-line adsorption stripping voltammetry of U
and anodic stripping coulometry with collection for absolute trace analysis of
Pb.*¥ The latter approach is interesting in that, if complete electrochemical depo-
sition of the trace metals is achieved, then absolute analysis could be achieved
and calibration with standard solutions or standard additions would not be
required.®’

An automated on-line stripping analyzer has been developed for on-ship
use for trace metal analyses.®® An open tubular electrode geometry was em-
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FIGURE4.49. Schematic diagram of electrolysis cell for automated anodic stripping voltammetry.
(Reproduced with permission from Zirino et al.3®)

ployed through which the sample and mercury solution flowed alternately. A
programmer controls the potentiostat, valves, pumps and data acquisition; an
early version of this system is contained in Figure 4.49.**® The design and ap-
plications of on-line stripping systems have been reviewed.**

4.7.6.  Trace Element Speciation in Water by Stripping Analyses

As pointed out earlier in this book ( Section 1.4.2), measurement of the total
concentration of a trace element in a natural water sample is insufficient as a
means of assessing the toxicity of the water to aquatic organisms and human
beings. Depending on the chemical and redox forms of the element, a water
with a high total concentration of the pollutant may in fact be less toxic than
another sample with lower concentration. For example, it is believed that ionic
copper is far more toxic to aquatic organisms than complexed copper, and the
more stable the copper complex, the lower is its toxicity. Similarly, Cr(VI) is
much more toxic than Cr(III). The reverse is true for the As case, that is the
lower redox state, As(Ill), is more toxic than the oxidized form, As(V). Specia-
tion analysis of an element in a water sample may be defined as the determina-
tion of the concentrations of the different physicochemical forms of the ele-
ment that together make up the total level in the sample.® The individual physi-
cochemical forms may include particulate matter and dissolved forms such as
simple inorganic species, organic complexes, and the element adsorbed on a
variety of colloidal particles (Table 1.5). All these species can coexist and may
or may not be in thermodynamic equilibrium with one another.’
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Aside from biological (or toxicological) implications, speciation analysis
also affords information on the geochemical cycling of the elements. Variation
in the speciation of an element, for example, can affect the degree of its adsorp-
tion on suspended matter (a phenomenon well studied and understood in col-
loid science), its rate of transfer to the sediment, and its overall mass transport
in a water system. Thus, speciation analysis can assist in the predictive model-
ing of distances over which a river will be affected by an effluent discharged
from a point source.

Many sensitive analytical techniques such as atomic absorption spectrom-
etry (AAS) and neutron activation analysis are not directly applicable to spe-
ciation studies because they measure only the total analyte concentration. Elec-
troanalysis is a powerful technique in this regard because the electrochemical
behavior of a given element is very sensitive to its physicochemical state. Many
comprehensive speciation schemes have been developed and reviewed. One
representative example®*®3 is contained in Table 4.19 for the procedure based
on ASV?’ Some major speciation steps are as follows:

(1) Filtration: This step removes the particulate matter. In more refined proce-
dures, a size distribution analysis can be carried out based on the separation
of species according to molecular size. In general, in the case of metal spe-
ciation, the smaller the metal complex, the higher is its biological activity.

(2) Chelating resin separation: Metal that cannot be removed from a water
sample by a chelating resin column (e.g., Bio-Rad Chelex-100) represents
metal bound in highly stable or inert complexes or metal associated with
colloidal particles (which are not removed by filtration, see earlier).

(3) UVirradiation: This can be done either at natural pH of the water sample
(see Aliquot 3, Table 4.19) or after acidification (Aliquot 1, Table 4.19).
Hydrogen peroxide is added to assist the photodegradation of the dissolved
organic matter (see Chapter 6). In the former case, only metal associated
with organic matter (e.g., metal-humic acid, metal-fulvic acid) will be lib-
erated. On the other hand, UV irradiation coupled with acidification re-
leases all forms of metal, including inorganic colloids.

(4) Solventextraction: Lipid-soluble metal complexes (e.g., alkylmercury com-
pounds) are particularly toxic forms of heavy metals because they can dif-
fuse rapidly through a biomembrane and carry both metal and ligand into
the cell interior (see Figure 1.7). These can be removed via solvent extrac-
tion or by passage of the water through a column of Bio-Rad SM2 resin.

The importance of reporting all analytical details associated with the spe-
ciation procedure has been stressed,***? especially given that the speciation
analysis trends are often dependent on operational parameters. For example,
the lability of a metal complex depends not only on its dissociation kinetics,
but also on the effective measurement time.>**3 In a stripping analysis context,
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Table 4.19. Recommended Speciation Scheme for Copper, Lead, Cadmium, and
Zinc in Waters

Sample (unacidified)

Filter through a 0.45 pm membrane filter. Reject particulates and store filtrate
unacidified at 4°C.

Filtrate analysis

Aliquot No. Volume/mL Operation Interpretation

1 20 Acidify to 0.05 M HNO;3, Total metal
add 0.1% HyO; and UV
irradiate for 8 h, then ASV#

2 10 ASV at natural pH for sea ASV-labile metal
water; add 0.025 M acetate
buffer (pH 4.7) for fresh
waters.

3 20 UV irradiate with 0.1% HyO, (3)-(2) = organically
at natural pH, then ASV? bound labile metal

4 20 Pass through small column Very strongly bound
of Chelex 100 resin; ASV on metal
effluentc

5 20 Extract with 5 mL of hexane - (1)—(5) = lipid-soluble
20% butan-1-0l; ASV on metal
acidified, UV-irradiated
aqueous phased

Adjust to pH 4.7 with acetate buffer.

Not valid if [Fe] > 100 pg L-1.

Optional step.

Dissolved solvent in aqueous phase must be removed first.

a0 SR

Source: From Florence.®

labile metal refers to the free (i.e., hydrated) metal ion and metal that can disso-
ciate in the double layer from complexes or colloidal particles. With the con-
stant preconcentration time used for stripping analysis, the extent of metal com-
plex dissociation depends on its residence time in the diffusion layer, §, which
in turn is governed by the solution hydrodynamics (see Section 4.4.1).

The kinetic criterion for labile or inert discrimination is based on the pa-
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Table 4.20. Criteria for Electrochemical Lability of Lead Complexes

Description Lability Criterion? Lead Complexes Concerned

Labile ix/ig > 0.99 PbCl*, PbSO4
log (B1[L]1/2) <2

Quasi-labile ix/ig < 0.99 PbCO3, PbOH™
ix/ig> (1 + o)l Pb-humic acid

Inert ix/ig=(1+0)1 Pb-EDTA

M
ML ‘—I;— M2+ + LZ-
d

P1=[MLI/IMIIL] = ke/ ka

a [ = stability constant for 1:1 complex; [L] = concentration of ligand; i = kinetic current;
ig = diffusion current; ¢ = B1[L].

Source: From Turner and Whitfield.395

rameter /I, as shown in Table 4.20. The diffusion current, I, is the current
observed for the same concentration of the metal ion but in the absence of the
ligand, L. In the absence of kinetic control (i.e., total dissociation), I/, = 1.
Attempts have been made** to couple the influence of the electroanalytical
observation process and the intrinsic dissociation kinetics using reaction layer
theory to arrive at a classification of complex lability as follows:

labile: kkV2tVE>>1
quasi labile:  kk2tV2=1
inert: kk 2t <<1

A large excess of ligand was assumed in this classification scheme.*® The pa-
rameter £, is the effective measurement time, which is technique dependent.® It
is obvious that a stripping analysis definition of complex lability depends not
only on the kinetic parameters of the metal complex dissociation but also on
other factors such as ligand concentration and diffusion layer thickness.
There has been discussion®” on whether the process of speciation analysis
itself perturbs the existing or natural state of the water sample. For example,
the sample pH is adjusted by buffer addition (see Table 4.19) and Hg** ions are
added to the water sample for in situ generation of the Florence electrode for
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stripping analyses. However, it has been pointed out>* that stripping analyses
are dynamic techniques (unlike, for example, potentiometry); so the very act of
measurement disturbs the equilibrium. For these reasons, itis again important
to stress that the speciation data are operationally defined, and for the user to
have a proper understanding of their significance, all aspects of the speciation
protocol must be carefully specified.

Pseudo-Polarography and Pseudo-Voltammetry. An implicit assumption
in the preceding discussion is that the metal complex, ML, is not directly reduc-
ible; that is only the dissociated metal ions are assumed to be electroactive.
However, direct electrochemical reduction of some complexes can occur, as
hasbeen discussed earlier within the context of cathodic stripping voltammetry.
The presence of such complexes can be detected from the effect of the deposi-
tion potential, E,, on the peak current. The peak current will increase continu-
ously with increasing E, (Figure 4.50) instead of increasing from zero to a lim-
iting value over a small range of E,. Thus a pseudo-polarogram is a plot of the
stripping peak current versus deposition potential. The half-wave potential
(E,) of a pseudo-polarogram of a metal is related to (but not identical with) the
polarographic half-wave potential (E, ,).*® Pseudo-polarography hasbeen uti-
lized for identifying lead~carbonato complexes in seawater,***® the complex-
ation of cadmium in marine samples,*! and the speciation of As, Cd, and Pb in
various natural water, including geothermal reservoirs.?® The theory for

pseudo-voltammetry of both reversible and irreversible systems has been
given,¥2408

Copperiug L
~ [%] - (-3 »
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—
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FIGURE 4.50. Pseudo-polarogram of copper in sewage plant effluent water. (Reproduced with
permission from Florence.%)
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Complexing Capacity. Complexing capacity is an important water quality
parameter because it is a measure of the “safe” discharge level of a heavy metal
into an effluent stream before release of the free metal ion by the water. This
parameter is determined by titration of the water sample with a heavy metal
ion. Copper(Il) is usually chosen as the titrant because it is commonly found in
a variety of waters and the free metal ion is highly toxic to aquatic organisms.
Complexing capacity is then defined as the concentration of Cu(II) ion (in mol
liter") that must be added to a water sample before free Cu* appears. Near-
shore surface seawater has a Cu-complexing capacity of ~2 x 10°M ,whereas
river water ranges from 1 x 10® M to 50 x 10® M.®

Conventional methods of measuring the complexing capacity include bio-
assays, ion-exchange chromatography, chemical exchange, and copper salt solu-
bilization. Electrochemical methods such as ISE potentiometry, amperometry,
and voltammetry have all been used,’ although stripping analyses such as ASV
or adsorptive CSV are eminently more suitable for this analysis. In either case,
aliquots of a standard Cu solution are added to the sample, and the stripping
signal is measured and plotted against either the concentration of added cop-
per or the total dissolved copper. Both plotting formats are contained in Figure
4.51.5*% Both the complexing capacity and the conditional stability constant of
the metal-organic complex can be estimated from analyses of such plots.

The ASV approach suffers, however, from several difficulties.” (a) Some
Cu complexes (e.g., Cu-INTA, NTA = nitrilotriacetic acid), although thermody-
namically stable, are kinetically labile and dissociate extensively in the diffusion
layer. These kinetic currents (see earlier) can yield erroneous results for the
complexing capacity. (b) Organic matter adsorbed on the electrode may cause
a depression of the metal ASV peak although no actual complex formation
may have occurred. (c) Formation of the Cu complex may be exceedingly slow.
While these problems can be corrected to varying degrees,” the technique of
competitive ligand exchange®** is ideally suited to the adsorptive CSV proce-
dure. Thus, competition between the natural ligands and those intentionally
added, such as catechol or tropolene, can be set up, followed by cathodic strip-
ping by the adsorbed Cu-ligand complex. This procedure has the advantage
that double-layer dissociation of the complex is eliminated, and organic ad-
sorption may be inhibited by the preferential adsorption of the Cu-ligand com-
plex. These points are illustrated in Figure 4.51b.** The “plating” approach
(similar to the ASV procedure) affords a lower complexing capacity, suggest-
ing that the neutral complexes may have dissociated during deposition at nega-
tive potentials.

Matrix (or Medium) Exchange. In the ideal case, the relative heights of the
ASV stripping peaks for labile and total metal in the sample, and hence the
calculated fraction of labile metal, is controlled solely by the parameters asso-
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FIGURE 4.51. Complexing capacity titration for copper in a natural fresh water (top) and the
North Sea (bottom). (Reproduced with permission from Florence® (Figure 4.51a) and Van den
Berg®® (Figure 4.51b).)

ciated with the preconcentration step, such as deposition time. However, un
der certain circumstances, the kinetics of the stripping step may have an influ-
ence on the measured signal. This can occur if a complexing agent that is present
in the sample (but not in the standards) affects the stripping chemistry or ki-
netics. A common example of this is the chloride ion effect in seawater. The
chloride ion stabilizes the intermediate valency state of Cu [Cu(I)], leading to a
smaller number of electrons associated with the stripping step®:

Standard: Cu —» Cu* + 2¢
Sample: Cu’ +2C — CuCl; + ¢

The result is a diminished stripping signal for the sample. Other complica-
tions with the effects associated with surface-active substances*® or precipita-
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FIGURE 4.52. The effect of applying the mediun-exchange method on the analysis of river water
(pH 1.2): lower curve, direct method; upper curve, medium-exchange method (exchange solution
used, 0.1 M ammonium acetate, pH 6.4). Deposition: 3 min at -1.4 V; flow rate 4.8 mL/min.
Stripping: differential pulse ramp with 5mV /s rate. The ordinate contains the current response.
(Reproduced with permission from Wang and Greene.*'?)

tion of the oxidized metal ion onto the electrode surface*® on the stripping
peak current have been noted.

An effective way to circumvent these difficulties is medium exchange,*”4%
where the sample solution, after preconcentration, is replaced with a new sup-
porting electrolyte in which the stripping step is performed.** The new elec-
trolyte can be chosen to yield reversible, reproducible stripping peaks for the
element under study. Interestingly enough, the medium-exchange strategy is
not new, but its widespread use was hindered by a myriad of practical difficul-
ties, such as exposing the electrode to the atmosphere, break of the electrical
circuit, or incomplete exchange of the sample solution with the stripping me-
dium. Consequently, considerable loss of the deposited metals was reported.*”
The advent of flow systems for stripping analyses (see Section 4.7.5), and sys-
tem automation, has altered the situation. Figure 4.52 provides a rather dra-
matic illustration of the efficacy of medium exchange for stripping analysis
experiments.*°
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Redox Speciation. The redox speciation of eluents over different oxidation
states can be determined if one of the oxidation states is stabilized. For ex-
ample, As(V) is not electroactive. Therefore As(IIl) can be determined sepa-
rately, and As(V) converted to As(Ill) by chemical reduction. The difference
between the total As assay and As(III) previously determined, yields the As(V)
concentration. Similarly, Se(VI) is not electroactive. Therefore Se(IV) can be
specifically determined (in the presence of Se(VI)) and Se(VI) subsequently af-
ter a separate reduction step under UV irradiation at pH 8.*! In a sense, redox
state speciation may be regarded as a special case of labile/inert determination
(see earlier). The redox speciation cannot be determined if both oxidation states
are electrochemically reversible. An example is the copper system wherein
CSV is unsucessful for determining the Cu(l)/Cu(Il) ratio.*®

Polarography and/or ASV have been used for distinguishing between
Fe(III)/ (IT),4** Cr(VI)/(III),*** TI(II)/(I),444* Mn(IV)/(II),° Se(VI)/(IV)*¢ and
As(V)/(III).#"7 Similarly, redox speciation of chromium has been accomplished
by either adsorptive® or catalytic CSV.*® A CSV procedure based on added
copper has been used for redox speciation of selenium.*"

Arsenic and selenium are two elements that are being increasingly regu-
lated — their maximum allowable concentrations in the environment are likely
to be lowered from present standards (Chapter 1). Early polarographic and
stripping voltammetry work*®4 on these elements was already reviewed in
Chapter 3. Since As(V) is electroinactive, for total arsenic assay, it must be
converted to the (electroactive) As(Ill) state. This has been done by the use of
reducing agents such as Na,50,*? or Cu,Cl,.** Interestingly enough, Se(IV)
was found to have a useful “catalytic” effect on the electrochemical reduction
of As(III) which was exploited for the determination of the latter by CSV.4*
Similarly, As(IIl) is not usually amenable to determination by stripping
voltammetry at a MTFE or HMDE because of the insolubility of arsenic in mer-
cury. However, in the presence of copper, arsenic forms an “inter-metallic”
compound that is soluble in mercury.*® Thus, arsenic was determined in drink-
ing water contaminated with Cu(Il) by CSV at a HMDE.*®

Correlation Between ASV Lability and Toxicity. Although there is accu-
mulating evidence that a free metal ion is the most toxic metal form, the situa-
tion is not completely clear’ It has been noted that lipid-soluble Cu and Hg
complexes are extremely toxic, and there is evidence®® that the hydroxy, cit-
rate, and ethylenediamine complexes of Cu are also toxic. Attempts to corre-
late ASV data of metal lability with toxicity have met with varying degrees of
success, as reviewed elsewhere.” When the marine diatom Nitzschia closterium
was used as abioprobe, good correlation was obtained for the copper system*?
when natural complexing agents (e.g., fulvic, humic, tannic, and alginic acids)
were present in the growth medium. However, when synthetic ligands such as
NTA were added, there was no sensible correlation.®> Obviously, more research
is needed in this area.
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4.7.7.  Electrochemical Speciation Data on Environmentally Important Elements

Table 4.21 provides a representative listing of stripping analysis and spe-
ciation studies that have been conducted on various water samples using ASV,
CSV, and PSA.*##5 This listing is not comprehensive and the interested reader
may want to peruse the material given at the end of the chapter for further
details and entry into the literature. We close this section with a brief summary
of the electrochemical speciation data on some environmentally important ele-
ments. For further details, recent reviews>**3%4% may be consulted.

Copper. Computer models predict that inorganic Cu exists in seawater
mainly as the carbonato and hydroxy complexes. Tilese species are ASV la-
bile.> The percentage of inert organic complexes varies between 40% and 60%
for coastal surface seawater. The Cu-binding ligands are siderophorous,
metallothioneins, or porphyrins, although some of the copper is also adsorbed
on inorganic colloids (e.g., hydrated iron oxide). Most fresh water streams
have little ASV-labile Cu and the fraction of organically bound copper is high.
Industrially polluted waters feature electroactive copper complexes.

Lead. Computer modeling of fresh water suggests the predominant inor-
ganic Pb species to be the carbonato complexes. In seawater, Pb speciation is
divided between carbonato complexes and chloro complexes. The available
electrochemical data® indicate that these are only partially ASV labile.

Unlike copper, a significant fraction of Pb is bound to hydrated Fe,O,, and
the affinity for organic ligands appears to be low. Most natural water has little
ASV-labile Pb.5

Cadmium. In seawater, Cd exists mainly as the chloro complexes, CdCI*
and CdCl,. In river water, the dominant inorganic forms are Cd** and CdCO,
depending on the pH. Ahigh proportion of this element is ASV labile in both
sea and fresh water. Very little Cd is present as pseudo-colloids even at rela-
tively high pH.>

Manganese. As with arsenic, the natural water chemistry of Mn is domi-
nated by nonequilibrium behavior. Oxidation of Mn(II) to Mn(IV), that is MnO,,
is thermodynamically favored in seawater and high pH fresh waters, but the
oxidation is extremely sluggish. Colloidal MnO,, is troublesome in water treat-
ment plants because it clogs filters.

Chromium. The principal oxidation states are Cr(VI) and Cr(IIl) in natural
waters. At the natural pH of seawater, the predominant Cr(VI) specie is CrO 7,
and the major Cr(III) forms are Cr(OH), and Cr(OH),*. The oxidation state of
chromium is readily changed as Cr(IIl) can be oxidized by natural oxidants
such as MnO, and H O,.
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Selenium and Arsenic. The speciation of these elements has been discussed
in Chapter 1. Inorganic selenium exists in seawater mainly as Se(VI), but the
presence of Se(IV) suggests that the ratio of the two species can be used as an
indicator of the redox potential of natural waters.*! Electrochemical data ap-
pear to be sparse on the organic speciation of these elements, either in natural
or polluted waters.

Table 4.21. Stripping Analyses and Speciation Studies in Various Water Samples

Entry No. Analyte/Matrix Stripping Mode Comments Reference(s)
1. As/polluted water Dp —_ 428
2. As/natural water DP — 429
3. Cd (and Cu, Pb, Zn)/ Dp Medium exchange used; 409

river water influence of ligand and
surfactant (Triton X-100)
explored in the estimation
of ASV lability
4. Cd (and Cu, Pb)/ DP —_ 430
seawater
5. Cd/lake water Linear scan — 431
6. Cd (and Pb, Cu)/ PSA Effect of pH buffers 432,433
synthetic water studied
7. Cu (and Pb, Cd, Zn)/ DP Stability constants 434
synthetic water determined using the
Lingane method for
carbanato complexes
8. Cu (and Zn, Pb, Cd)/ DP An in-flow automated 435
fresh water system developed for
speciation studies
S. Cu (and Cd, Zn)/ DP Metal-organic (marine 436
seawater fulvic acids) interactions
explored
10. Cu (and Zn)/ Constant Adsorption collection 437
estuarine water current— used to determine
cathodicPSA  copper lability
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Cont. Table 4.21. Stripping Analyses and Speciation Studies in Various Water Samples

Entry No. Analyte/Matrix  Stripping Mode Comments Reference(s)
11. Cu (and Cd, Pb)/ Dr Cathodic stripping 438
seawater voltammetry used after
collection with 8-hydroxy
quinoline
12. Cu (and Zn, Cd, Pb)/ DP — 439
lake water
13. Cr/seawater Catalytic Adsorption-collection 419
csv with DTPA used
14. Cr/seawater csv Cr(III) adsorbed 418
on silica
15. Hg/seawater Linear scan ~ Medium exchange used 440
16. Hg /river water DP — 441
17. Pb/various waters —_— See entry nos. 3, 4, 6, 430,
7,811 432-435,
438
18. Se/seawater csv Preconcentrated as a 411
CusSe complex
19. Tl/seawater DP — 415
20. Tl/natural water DP — 42
21. Glutathione/natural csv Adsorption of complexes 443
water of Hg(I) and Cu(I) with
glutathione used
22. Purines/fresh (and csv Determined as the Cu(l) 444
sea) water complex of the purine
23. Cystine and cysteine/ csv Determined as preceding 445
seawater as the copper complexes
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Table 4.22. Examples of the Types of Environmental Matrices That Have Been
Analyzed by Stripping Voltammetry (or PSA)

Matrix Technique(s) Comments Reference(s)
Particulate Matter

Suspended particulates in ASV Six metals analyzed 447

water and plankton

Atmospheric precipitation ASV Toxic metal content 448-450

(e.g., rain, snow) determined

Airborne particulates ASV, CsV, Pb, Cd, Zn, Cuand Tl 361,
PSA measured in air samples 451-459

collected from urban
locales as well as in
particulates such as coal

fly ash
Biological Matrices
Urine, fish muscle PSA Sample analyzed for Hg 359
content with medium
exchange
Blood ASV, PSA Extra precaution needed to 358, 351,
preclude interference from 374, 460

protein adsorption, etc.

Urine ASV, PSA Samples analyzed for heavy 359, 461
metal content

Hair, teeth, nail, ASV Analyzed for various trace 462-465

eye tissue metals; hair is a known

depository for trace metals
in the body; similarly,
teeth may be useful
indicators of past exposure
to trace metals

Other miscellaneous ASV Used for medical management 466
samples including and post-mortem

feces, bone, etc. studies

Bovine liver, fish ASV Selenium, copper, lead, 467

and cadmium determined
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Cont. Table 4.22. Examples of the Types of Environmental Matrices That Have Been
Analyzed by Stripping Voltammetry (or PSA)

Matrix Technique(s) Comments Reference(s)

Geological Samples

Soils and plants ASV EDTA extracts of soils 468, 469
have been used because
they correlate well with
plant uptake of metals

Sediments and sludge PSA — 364
Rocks and minerals ASV, AC In some cases, the 470-474
stripping electrochemical method
voltammetry,  found to be superior to
linear scan flameless (furnace) AAS

Foods and Wines

Fruit juices and ASV, PSA Various heavy metals 475479

commercial beverages including lead and tin
determined

Milk ASV Lead and cadmium 480, 481
determined

Wines PSA Lead in red wine 482
determined

Hamburger meat, butter, ASV Fusion pretreatment 483

and rice applied for destroying

the organic matter; heavy
metals determined

Tuna fish, eggs, and csv Selenium determined 484
lobster following wet digestion
with HNO3 and magnesium
nitrate
Cereals Staircase — 485
stripping
voltammetry
Fruits ASV — 486
Soybean and oyster ASV — 487

samples
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4.7.8  Other Studies on Environmental Pollutants by Stripping Analyses

Stripping analyses (particularly stripping voltammetry) have been used
for the determination of pollutants in a wide variety of matrices other than wa-
ter samples. The compilation in Table 4.22 provides an example of the very
wide range of sample matrices that can be analyzed. The challenge in the analy-
ses of these complex matrices is to circumvent interference from the matrix
components; for example, organic matter in foods and geological samples, and
proteins in biological samples.

As the last few examples in Table 4.21 show, a relatively recent capability
of stripping analyses is the determination of organic compounds. This has
been rendered possible largely by the advent of adsorptive interfacial accumu-
lation. The mercury-thiol complex has had a long history in this respect al-
though the range of organics has now extended beyond sulfur compounds.**
Attempts have been made recently*® to systematize the trends and changes in
the accumulation behavior of organic compounds at carbon paste electrodes.**
Partition experiments and solvent extraction studies were correlated with
voltammetric data for this purpose. The vast bank of knowledge on adsorp-
tion trends at other electrode surfaces (including mercury) can be profitably
tapped for the development of new protocol for adsorptive stripping analyses
of organic analytes. An important class of compounds to be determined in this
manner are pesticides. Thus, azinphos-methyl (guthion) was determined by
adsorptive stripping voltammetry at a hanging mercury drop electrode.*®
Organochlorine pesticides such as endosulfan 6,7,8,9,10,10a-hexachloro-
1,5,5a,6,9,9a-hexahydro-6,9-methano-2 4,3-benzo[e]-di-oxathiepin-3-oxide) was
similarly determined®! in a soil sample using initial voltammetric reduction
followed by square-wave stripping at a stationary glassy carbon electrode in
an aqueous acetonitrile medium.

We close the discussion on stripping analyses by referring the reader to
several excellent reviews for further details.??>712894284524%

4.8. DIRECT VOLTAMMETRIC (OR POLAROGRAPHIC)
DETERMINATION OF POLLUTANTS

In the stripping voltammetry procedure, the difficulty (with linear sweep
or cyclic voltammetry) of inadequate sensitivity is overcome by coupling the
preconcentration step with the use of various pulse routines (e.g., differential
pulse, square wave) in the stripping step. However, in many cases, the adsorp-
tive accumulation strategy affords adequate analyte levels at the interface to
perform a direct voltammetric assay even with a linear scan. The term adsorp-
tion voltammetry can be employed to describe this approach. Of course, in many
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respects, adsorptive CSV (described in an earlier section) is a close analytical
cousin. In this section, we describe several instances where pollutants have
been analyzed by various voltammetric (or polarographic) techniques without
the use of a separate stripping step. That is, even in those cases where a metal
complex is formed in the accumulation step, the complex is directly reduced in
the analytical step. In other words, Step 1 rather than Step 2 occurs:

1,2¢ ML

ML (electrode) )

2e
M+ L M+ L
(orM' + L)

Where, ML, M, and L are the reduced complex, metal, and the ligand, respec-
tively.

To review the new advances, it is perhaps instructive to take a step back
and consider the history of polarography (and voltammetry) in trace analysis.
As has been pointed out,** these techniques have had a checkered career. Po-
larography gained early acceptance in the 1940s as an instrumental method
for trace analysis. However, this technique almost disappeared from analyti-
cal use in the 1950s and 1960s, the reasons for which are multivarious but are
undoubtedly coupled with the spectacular developments in atomic
spectroscopies, mass spectrometry, and chromatography. The advent of the
operational amplifier saw a rebirth of polarography and voltammetry in the
1970s. This trend has continued into the 1980s and 1990s thanks to the advent
of computers and user-friendly electrochemical instrumentation.**

We must examine the early advances in the electrochemical analysis of
pollutants. Hence, procedures for the normal polarographic analysis of pesti-
cides such as parathion and malathion***” were followed by the use of pulse
polarography for the analysis of organohalide pesticides.*® Pulse polarogra-
phy (mainly differential pulse polarography) was also extensively used for the
analysis (at the ppb level) of elements such as As and Se in the 1970s and 1980s.**
This contrasts with the corresponding trend for the trace analysis of heavy metals
during this era, which was almost exclusively done via ASV.

The advent of selective adsorption of the analyte as a preconcentration strat-
egy in the 1980s,%% 2 has resulted in a substantial enhancement of the differen-
tial pulse voltammetry (or polarography) measurement. The resulting peak
currents depend on the length of the adsorption time and the rate of solution
mass transport to the electrode surface. It must be recognized, however, that
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the adsorptive accumulation step enhances mostly the analytical peak current.
The background current, especially the double-layer component, may or may
not be affected. The surface redox reaction contribution, adventitious impu-
rity (or O,) currents and solvent decomposition are definitely not influenced
by adsorption. The overall result nonetheless is an enhancement of the S/N
ratio of the measured current signal relative to the “normal” procedure involv-
ing no adsorptive accumulation. The detectability is even further improved by
using the subtractive procedure outlined earlier. Subtractive differential pulse
voltammetry following adsorptive accumulation has been described for vari-
ous organic compounds on carbon paste and Pt working electrodes.”® A de-
tection limit of ~1 x 10° M was obtained for chlorpromazine with a 10 min.
preconcentration period. Adsorptive preconcentration was also coupled with
FIA followed by differential pulse quantitation.®® The determination of
chlorpromazine in a 10°-fold excess of nonadsorbable solution species with simi-
lar redox potentials (e.g., ferrocyanide ion and ascorbic acid) was demonstrated.
More impressive, reproducible determination of chlorpromazine in urine was
claimed to be possible with no sample treatment. Related work by the same
group has shown that poly-3-methylthiophene-coated glassy carbon electrodes
are not passivated in the presence of several phenolic compounds.® Figure
4.53 contains representative data for p-chlorophenol. The bare electrode (B)
shows rapid fouling by the phenol oxidation product(s) and consequent loss of
signal. The polymer-coated electrode on the other hand retains the electro-
activity over successive cycles.

Current
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FIGURE 4.53. Successive (a~f) cyclic voltammograms for 2 x 10 M chloropheno! at
poly(thiophene)-coated (A) and bare (B) glassy carbon electrodes. (Reproduced with permission
from Wang and Li.’®)
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Examples of the use of adsorptive voltammetry for the analysis of trace
pollutants include the use of 2-(5'-bromo-2'-pyridylazo)-5-diethylamino-phe-
nol for the determination of Cr(III) on mercury,* o-phenylenediamine for the
reductive determination of the Se(IV) complex by a HMDE*”, and
diphenylcarbazone for the adsorptive voltammetry determination of trace
amounts of Cr(VI).5®

We have discussed mainly organic analytes and elements such as As, Se,
and Cr in this section. Finally, we note that techniques such as cyclic
voltammetry can even be used for the detection and determination of micro-
bial cells. Thus, an anodic current signal was obtained for a cell suspension of
Saccharomyces cervesiae at a basal plane pyrolytic graphite electrode.*® The peak
current was linearly proportional to the cell concentration in the range (0.1 -
1.9) x 10° cells mL™* illustrating the analytical utility of this assay procedure.

49. ELECTROCHEMISTRY AS AN AUXILIARY TOOL TO ATOMIC
SPECTROSCOPIES

Electrolytic preconcentration followed by analyses using electrothermal
(furnace) atomic absorption spectrometry (FAAS) or ICP-MS is an effective strat-
egy for the determination of elements such as Ni, Co, Cr and Mn that are diffi-
cult to determine by direct ASV. Electrolysis can also serve to separate the
analyte from matrix species that are problematic in FAAS or ICP-MS such as
chloride. Many matrix components that are especially troublesome in ICP-MS
including alkali metals and alkaline earths have reduction potentials that dif-
fer from those of transition metals by 1 V or more, affording easy separation by
controlled potential deposition. Interestingly enough, alkali metal halides cause
serious interferences in FAAS, yet they are ideal media for electrochemical studies!

A number of studies have therefore advantageously combined the capa-
bilities of both types of techniques.”*? Pre-concentration of the analyte has
been electrolytically accomplished on Hg-coated graphite furnace,**** tung-
sten wire,*71 porous carbon rod,”™ or Hg-coated pyrolytic graphite plat-
form, 516520521 followed by insertion of these heating elements into a FAAS sys-
tem. Incorporation of a voltammetry cell into a flow system for ICP-MS has
also been described. 2% This arrangement affords convenient medium ex-
change and on-line operation with the ICP-MS (or ICP-AES) detector placed
downstream from the electrochemical cell. A wide range of analytes has been
determined with the combined ASV-ICP-MS (or ASV-ICP-AES) system includ-
ing Cd and Cu,’® As(Ill) and Se(IV),* Cr(VI) and V(V),* and Pb and TL*®
Polyatomic ions that have the same nominal mass as the analyte (e.g., ArC*,
ArCl*) are problematic with ICP-MS analyses performed in the conventional
manner; these are efficiently eliminated using the ASV pretreatment protocol.
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FIGURE 4.54. Schematic diagrams of ASV cell with RVC working electrode, and an ASV-ICP
system. (Reproduced with permission from Pretty et al.5%%)

In the early development of the combined approach, the recovery of the
analyte from the sample was generally poor and also slow. If quantitation
deposition is desired, prohibitively long electrolysis times are required. On the
other hand, the use of short deposition times (a few seconds) results in the
recovery of only a small fraction of the analyte. In some instances, this ineffi-
cient recovery hasbeen tied to the presence in the sample matrix of an oxidant,
such as nitric acid.’®” Thus the electrolysis step involves a competition between
the (desired) deposition and dissolution of the metal. High voltages have been
used to sustain high electrolysis currents and the effect of convection created
by vigorous gas evolution at both electrodes has been used to enhance the depo-
sition rate.* Schematic diagrams of the ASV cell with RVC working electrode
and the combined ASV-ICP system are contained in Figure 4.54.5%



4.9. Electrochemistry as Auxiliary Tool to Atomic Spectroscopies 309

Sample injection To AAS

valve

— T N |
(H)"—W 1 [ Waste
Reaction

coil

- Lt Waste y
_ Peristaltic Gas-liqui

separator
um
I ’ pump Elactrolytic cell

1 mol dm™
szt

FIGURE 4.55. Schematic diagram of the flow injection—electrochemical hydride generation sys-
tem. (Reproduced with permission from Lin ef al.5%)

Another interesting application of electrochemistry in atomic absorption
spectrometry relates to electrochemical hydride generation (EC-HG).**® Ele-
ments such as As and Sn are determined by AAS using the hydride generation
technique. The NaBH —acid reduction technique widely used for hydride gen-
eration suffers from several problems. The reagent can contaminate the sample
and is expensive. Further, the aqueous solution is unstable and has to be pre-
pared fresh each working day. Excessive H, gas is also evolved that, although
not a problem with AAS, would alter the impedance of the ICP torch. Then,
extra power is needed to keep the plasma stable, and in extreme instances, the
plasma can also be extinguished. In the electrochemical approach, the hydride
is produced electrolytically and is swept by an inert gas stream into the (down-
stream) U—tube gas-liquid separator (Figure 4.55).® The hydride species and
other gases are subsequently transported into the AAS assembly for detection
and quantitation. As with the combined preconcentration approach described
earlier, the EC-HG strategy has also seen an evolution from batch treatment to
on-line flow systems.

The use of electrolysis is not limited to AAS and ICP-MS (or ICP-AES) sys-
tems. Recent reports espouse the merits of electrolytic eluent production for
ion chromatography (IC).***! In this approach, electrolysis was coupled with
the use of a cation-exchange membrane (e.g., Nafion) to yield ultrapure NaOH.
The use of NaOH as an IC eluent has several attractive features:*® (a) under
nominal conditions, the suppressed product conductance is much lower with
OH;, proportionately lowering the limits of reduction; (b) unlike CO,*/HCO,,
which is widely used as an IC eluent, OH' is not expected to show analyte
response nonlinearity; and (c¢) OH' is superior for gradient IC applications.
Nonetheless, the widespread use of OH: eluent has been hindered by purity
considerations.
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410. CONDUCTIVITY DETECTORS

Conductometric (sometimes called conductimetric) sensors depend on some
form of modulation of the electronic or ionic conductivity of the sensing layer
by introduction of the analyte. Most conductometric gas sensors rely on alter-
ations in the electronic conductivity of a solid (i.e., the active) layer on the sen-
sor surface. On the other hand, in liquid-based sensors, the change in the ionic
conductivity of the electrolyte is monitored. Yet another form of conductomet-
ric sensor relies on the modulation of the electronic conductivity of a gate (or a
channel) by interaction with the analyte. All three types of sensor approaches
are briefly considered in this section.

Gas sensors of the Taguchi type rely on analyte interaction at the active
surface while the modulation and measurement of the conductance are done
along the surface of the device. The most advanced sensor designs in this cat-
egory utilize SnO, or ZnO thin films as the active layer. Selectivity in these
layers is achieved via doping.* Thus, doping with Al enhances the selectivity
to H, and isobutane, Sb doping affords methane detection, and V/In doping
yields layers sensitive to NO, with no reported cross-sensitivity to CO, CO,, H,
or CH,. Other sensing possibilities with judicious dopant selection are listed in
Table 4.23. Thin films of SnO, or ZnO on sapphire substrates are also reported
to be sensitive to PH, (0.02 - 0.42 ppm) and AsH, (0.015 - 0.3 ppm).®* A film
temperature of 350°C was used to monitor the conductivity changes in these
cases. Other active materials have been used; for example, mixed Cu/Ba/Sn
oxide, zeolites, NASICON, ZrO,/ MoO,, and In,0,/Ca0O for CO, detection.>*
Gold-doped WO, is reported to have a broad dynamic range for NH, detection
at 450°C.>* Conductivity changes in carbon black—-PVC composite membranes
have been exploited for the determination of various chlorinated hydrocar-
bons.”® Similarly, the conductance change of a polystyrene film has been used
for NO, detection.®

Phthalocyanines are organic semiconductors that have been widely used
for the detection of a range of gaseous analytes including organic nitro com-
pounds (e.g., trinitrotoluene and ethylene glycol dinitrate),”” NH,, NO,, H,,
and dimethyl methyl phosphonate.®® The underlying mechanism for conduc-
tivity modulation in most of these cases, however, is not yet well understood.
Finally, conducting polymer films such as polypyrrole and polyaniline have
been used as active materials in conductometric sensors for NH, and humid-
ity‘538,539

The possibility of exploiting for sensor purposes other property changes in
a semiconductor on exposure to an analyte (e.g., capacitance) has been dis-
cussed,* although the selectivity of such property changes is questionable.

In liquid-based conductometric sensors, the modulation and measurement
of the conductance take place in a direction perpendicular to the fluid surface.
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Table 4.23. Examples of Enhancement of Selectivity of SnO;-Based Conductometric

Detectors by Doping

Dopant Targeted Analyte
Al H» and isobutane
Sb Methane

V/In NO,

La Alcohols and CO;
Ti Hydrocarbons

w Formaldehyde

Cu Hydrogen sulfide
Pd Hydrogen

Source: Based on data in Janata et al.532

Flow-through conductometric detectors have enjoyed a long history of use as
industrial monitors. They are also most often used in conjunction with an IC
or CZE system for detection of anions and cations. Classically, the electrical
(ionic) conductivity of quiescent solutions has been measured with an AC bridge
at frequencies ranging from a few kHz to even MHz. High values of the fre-
quency are preferable for two reasons: first, polarization at the electrode/elec-
trolyte interface is avoided, and second, high frequencies permit the use of low
capacitance cells with volumes in the UL range without loss of measurement
sensitivity.

A bipolar pulse technique has been based on the application of two equal
successive constant voltage pulses of opposite polarity to the cell and measure-
ment of the current at the end of the second pulse.*'%* In this manner, capaci-
tance effects are largely eliminated in the conductance measurement. Applica-
tions of this technique have been described**** and commercial detectors are
available based on this principle. Conductometric detectors for flow-through
detection are generally simple and easy to construct with a small internal vol-
ume. The linear dynamic range of this type of detector is also high; for ex-
ample a dynamic range of six decades in concentration has been reported for
one particular cell design.®

The obstacles to DC measurement of conductance are largely absent in flow-
through cell configurations. This is because continuous flow reduces concen-
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tration polarization at the interfaces. Thus simple cell designs can be devised,
as exemplified by a recent study describing the measurement of the current in
response to a DC potential that is imposed across two narrow gauge hypoder-
mic needles in a polytetrafluoroethylene tube.* This affords an inexpensive,
low volume detector for IC, with effective cell volumes as low as 50 nL being
claimed.** However, it must be noted that the voltage (6 V) applied is such that
electrolysis is actually involved here, and thus this detector is not appropri-
ately classified as of the conductometric type.

4.11. PHOTOASSISTED DETECTION OF POLLUTANTS

The vast majority of the electroanalytical methods discussed in this chap-
ter have been performed without the use of photoexcitation. Photolysis was
used in isolated instances, as for example, for degrading the organic complexing
ligands prior to trace metal speciation analyses (see Section 4.7.6) and for
amperometric detection of some pesticides (see Section 4.5). In this section,
strategies for coupling photoexcitation with electrochemical detection will be
described. Either the electrode itself or the solution may be subjected to
photoexcitation. For example, irradiation of a metal with light of sufficient
energy causes photoemission of electrons from the metal into the solution phase
(see Section 2.12). Alternatively, electron-hole pairs may be created in a semi-
conductor electrode by irradiating it with light of energy exceeding the optical
band-gap of the semiconductor (i.e., hv > E ). Such “photoelectrochemical”
(PEC) processes were also discussed in Chapter 2. Finally, the analyte mol-
ecules (or ions) in the solution may be photoexcited using light of a specific
wavelength. The resultant modulation of the current signal may be used to
advantage for its selective detection. Unfortunately, this latter strategy has
also been termed photoelectrochemical ®* To avoid confusion with the present
definition of PEC processes (as those involving photoexcitation of the electrode),
we suggest photogalvanic as a possible alternative terminology to describe
photoexcitation of species in the homogeneous solution. Such a definition would
be consistent with the accepted use of the term photogalvanic cells.>*

Finally, spectroscopic detection can be coupled with electrochemistry in a
“spectroelectrochemical cell.” Here, the species are detected optically (rather
than electrochemically) and electrochemistry is used solely to generate the op-
tically responsive specie(s) of interest. Figure 4.56 compares and contrasts the
photoelectrochemical and spectroelectrochemical approaches. The interesting
symmetry in the two analytical philosophies — namely, light is used in the former
for (optical) excitation and current is measured, whereas current (or potential)
is used for (electrical) excitation and light is the measured signal — is worthy of
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FIGURE 4.56. Comparison of photoelectrochemical and spectroelectrochemical methods of analysis.

note.’¥ Almost the entire gamut of spectroscopic tools available to the chemist
can be brought to bear in this powerful approach. This includes the entire
range of the electromagnetic spectrum from X-rays (picometer or 102 m wave-
length) to radio-frequency (meter) waves. Thus, electrochemistry has been
combined with X-ray spectroscopy, UV / VIS spectrophotometry, Fourier trans-
form IR spectroscopy, electron paramagnetic resonance spectroscopy, and
nuclear magnetic resonance spectrometry. Even combination of electrochem-
istry with mass spectrometric detection of electrolysis products has been de-
scribed.>®

The use of spectroscopic detection probes is not limited to absorption-based
techniques. Photoexcitation of an electrochemically generated product often
results in luminescent light emission that furnishes an exceedingly sensitive and
selective probe of the compound under study. Under certain circumstances,
electrochernical excitation directly furnishes an optical emission signal (i.e., with-
out photoexcitation) as exemplified by the phenomenon of electrogenerated chemi-
luminescence. In the case of a semiconductor/electrolyte interface, a similar
strategy is possible, where modulation (e.g., quenching) of the electrolumines-
cence signal can provide very sensitive detection of an adsorbed analyte.

Obviously, the range of analytical possibilities is very broad indeed, and
space will afford us an opportunity to only briefly explore a few of these. In
general, it can be stated that the interesting possibilities with photoassisted
detection have not been tapped to a signficant extent in the environmental analy-
sis field. The possible lone exception is the HPLC-hv-amperometry detection
scheme?* discussed in Section 4.5.
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4.11.1. Photoelectrochemical Detection

A photoelectrochemical detector has been used>***® in conjunction with a
HPLC system, and both studies have used TiO, (see Chapter 6) as the semicon-
ductor electrode. The sensitivity of many organic functional groups to PEC
oxidation on irradiated semiconductor surfaces (a topic covered in more detail
in Chapter 6) prompted the evaluation of a PEC detector for the analysis of
organic mixtures.®* The detector design can be similar to that in the LC-EC
case and, in this particular case, constitutes a two-electrode PEC cell fashioned
inside a polyethylene block through which a hole was cut to permit the pas-
sage of excitation light.*** Detection limits ranging from 1.6 to 210 pg were
obtained for aniline and benzyl alcohol respectively. In principle, the PEC de-
tection scheme allows for the sensitive detection of analytes with low UV ab-
sorptivity. In fact, the analytes need not be chromophoric at all and should
show better response when they are optically transparent and hence non-fil-
tering. However, the advantage of PEC detection over the LC-EC detection
approach in this regard is not clear-cut. Also problematic are the facts that the
magnitude of the photocurrent is dependent on the eluent flow rate>* and the
photoresponse appears to be significantly influenced by the adsorption of the
analyte on the semiconductor surface.

More intriguing is the possibility, with the PEC approach, of light-addres-
sable detection. This is particularly appealing in connection with whole col-
umn detection chromatography. The whole column detection concept®™' has
evolved from the success of on-column detection.*? On-column detection has
potential advantages over post-column detection that include elimination of (a)
band broadening associated with the detector dead volume, (b) sensitivity loss
associated with post-column dilution, and (c) the need to make difficult
postcolumn connections. Interestingly enough, classical chromatography fea-
tured the use of vertical glass tubes affording continual visual information on
the elution process. Whole-column detection could be achieved in principle
by scanning a light beam along the length of a transparent HPLC column con-
taining a semiconductor electrode in the form of a wire or a coating on the wall.
This concept has been recently tested™ using quartz tubing into which a TiO,
working electrode was inserted along its length. The latter was synthesized by
thermal oxidation of a titanium wire.

The system was operated in the FIA mode by injecting aliquots of the analyte
into an acetonitrile mobile phase. Some 26 organic analytes were tested, and
the photocurrent response was linear over two orders of magnitude with de-
tection limits of 40 and 140 pmol for p-aminoacetanilide and diethylamine re-
spectively”® One problem with this detector for use with HPLC could be the
high background current that is observed for water as the mobile phase. The
authors of this pilot study®>® attempted to circumvent it by chemically modify-
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ing the TiO, surface with a non-polar silane reagent. The hope was to remove
the detector response to water, to increase the rate of oxidation of the solution
redox species, enhance sensitivity, decrease analyte adsorption (see earlier),
and decrease the potential of the photogenerated holes. However, the results
were disappointing.®® Nonetheless, the PEC detection approach merits fur-
ther scrutiny, perhaps with other semiconductor electrode materials (with lower
proclivity to photooxidize water) as the sensor candidate.

4.11.2. Photogalvanic and Luminescent Detection

Electronically excited states are better oxidizing and reducing agents than
the corresponding ground-state species. Consequently it should be possible to
selectively increase the reactivity of certain classes of analytes. To use the light
to analytical advantage, chemistry must occur in the excited state between the
(photosensitive) analyte and a molecule in solution. Then, in principle, either
of the two species involved in the reaction can be selectively detected.

Carbonyl compounds or carbonyl derivatives have been detected in this
manner using HPLC coupled with a photoelectrochemical detector (PED).>>*5
The PED used a conventional thin-layer amperometric detection system, modi-
fied to permit continuous irradiation of the working electrode surface with
high-intensity UV light. As the analyte band passes over the working elec-
trode surface, the analyte molecules are optically transformed to the excited
state. The high degree of selectivity with these compounds (without chemical
derivatization) was attributed to the long-lived triplet state of the carbonyl chro-
mophore and near-unity quantum efficiency of triplet generation.’” As a dem-
onstration of the HPLC-PED approach, benzaldehyde was determined in a
variety of foodstuffs including food flavoring, liqueur, and tea.®® Since benzal-
dehyde is used in many food and pharmaceutical products, an accurate and
sensitive assay procedure is needed, especially since this compound is a skin
irritant and, at high levels, a central nervous system depressant. There is no
simple, direct HPLC method available for the determination of ng quantities of
benzaldehyde in complex matrices.

An alternative approach is to use a photochemically active specie as a spe-
cific label or derivatizing agent in chromatography or in binding assays, such
as immunoassay. One such well-studied complex, Ru(bpy),* (bpy = 2,2'-
bipyridine) has been used to develop an understanding of the capabilities and
limitations of this detection approach.®* Hence, Ru(bpy),* is first excited fol-
lowed by electron-transfer quenching to an intentionally added quencher. The
photooxidized Ru(bpy),* is then cathodically reduced at the working electrode
to generate the photocurrent signal:



316 Chapter 4

D'h—U>D*
DY+ QD"+

D+_.L’D

where D is Ru(bpy),”, D* represents the triplet state, and Q is the quencher
molecule. The efficacy of this scheme relies crucially on the kinetics of the
(thermal) back reaction between Q- and D*:

Q+D D+ Q

If this happens, the original reactants are regenerated and no signal ensues.
Another criterion is that the quencher must not yield any photobackground
signal; that is it must not b2 photochemically active. Several compounds have
been tested as electron-transfer quenchers, and the dependence of the photo-
current on variables including the light intensity, quencher concentration and
Ru(bpy),*" concentration has been quantified.>*

While this approach builds upon the wealth of information available on
Ru(bpy),* photochemistry,”**® the advantages of this detection approach have
not been realized yet. As the authors themselves mention, the challenge is to
apply the photochemistry to analytes of interest. Currently, this would require
labeling the analyte in a precolumn reaction with attendant problems of con-
tamination and the like as noted in an earlier section.

There are several other examples of selective photochemical (electronic)
excitation of species in solution and measurement of photocurrents.>*%! How-
ever, all these studies have been mechanistically motivated and do not appear
to have an analytical significance. Fluorescence measurements have also been
reported on electrogenerated intermediates, and these measurements have re-
vealed the participation of previously unsuspected species in the overall elec-
trode reaction.? Again, the analytical implications of these studies are not
clear at present.

Electrogenerated chemiluminescence (ECL)%>%* arises from the electro-
chemical generation of radical species that subsequently undergo high energy
electron transfer reactions in solution to generate excited state molecules:

C—oC +e
A+e o A
A"+ C' s A+ C
A*¥ > A+ ho
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Where, C* and A® are the cation and anion radicals generated by the electro-
chemical oxidation and reduction of donor and acceptor molecules in solution.
Typical reactions producing ECL involve the radical ions of rubrene, N,N,N " N’-
tetramethyl-p-phenyldiamine, p-benzoquinone and also metal complexes such
as Ru(bpy),*. The early work on ECL was oriented mainly toward mechanis-
tic aspects, and its potential as a detection technique in analytical chemistry
has only been recently explored.”® Recent studies have utilized flow configu-
rations with a view to exploring the applicability for LC and FIA detection.
Thus metals such as cobalt and copper have been determined at trace levels by
using luminol as an ECL reagent in alkaline medium.**~¥ Peroxide ion con-
centrations have been similarly determined at a limit of detection of 66 pmol.>®
An ECL detector has been used in conjunction with reversed-phase HPLC
for the detection of polycyclic aromatic hydrocarbons such as naphthalene, an-
thracene, fluoranthene and chrysene.®® Both AC and DC methods have been
used’®-"! for the electrogeneration of the ECL reactants in reversed-phase HPLC
detection applications. However, electrode fouling remains a major problem.
The ECL approach has the advantage over conventional chemiluminescent
derivatization in that some of the reagents needed for the reaction are pro-
duced in situ. Thus, in principle, the reaction is tunable via the electrode po-
tential since the emission is concentrated near the electrode surface. However,
this advantage must be balanced against the need for more complex instru-
mentation and the aforementioned electrode stability problems. At present, it
can be stated that this method of detection has not attained its full potential.

4.11.3. Spectroelectrochemical Detection

The spectroelectrochemical approach has been used in few studies for de-
tection purposes, either in batch processes or in flow streams. In one such
study.”? a flow-through spectroelectrochemical detector was described that fa-
cilitates the simultaneous (real-time) monitoring of both the redox and the spec-
tral properties of analytes eluting from a chromatographic column. For ex-
ample, added selectivity is achieved (much like dual-electrode detection, see
Section 4.4.3) in cases where only one specie is electroactive and the other ab-
sorbs, both are electroactive but only one absorbs the light, or both absorb but
only one is electroactive. Mixtures of nitro- and chlorophenols were used to
illustrate the spectroelectrochemical approach. Both these groups of compounds
are oxidized at the same potential, such as +1.6 V (vs. Ag/AgCl). However, the
optical absorption maxima of the two groups differ and lie at 280 nm and 350
nm, respectively for chloro- and nitrophenols. Therefore, amperometric detec-
tion yields a combined response, whereas it is possible to differentiate photo-
metrically between the two groups.
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Spectroelectrochemical dector designs are generally more complex, and
necessitate the use of optically transparent working electrodes (e.g., Sn-doped
indium oxide, RVC, or gold minigrid) and thin-layer cell geometry. The posi-
tive features associated with this approach of selectivity enhancement and the
like are rather more easily realized with dual-electrode detection. This is prob-
ably the reason why spectroelectrochemical detection has not yet gained wide-
spread popularity. Nonetheless, optical spectroscopy has much to offer in en-
vironmental and process monitoring, especially given the availability now of
inexpensive and versatile detector technology coupled with automated data
processing. Further, IR and long path Fourier transform IR spectroscopies have
a long history in monitoring of air emissions from hazardous waste sites and
automobile exhaust.

Infrared detection technology does suffer from severe interferences from
H,0 and CO,, and in many instances is incompatible for use with aqueous
media. In this regard, Raman spectroscopy offers several advantages, not the
least of which is the possibility of use with aqueous media and quartz/glass
optics. New analytical possibilities have also emerged with the discovery of
the surface-enhanced Raman scattering (SERS) phenomenon > The SERS
effect potentially offers both the necessary sensitivity for detecting trace organ-
ics and the exceptional selectivity inherent with Raman spectroscopy. How-
ever, several challenges must be overcome before SERS-based approaches be-
come viable for routine adoption in environmental analysis applications: (a)
Real-world environmental matrices poison the electrode surface; (b) The vari-
ability in the electrolyte content and sample matrix may affect the SERS re-
sponse; and (c) The technique, at least in its current state of refinement, suffers
from a limited dynamic range. However, we have already seen that these prob-
lems are common to most of the electroanalytical techniques reviewed in this
chapter. As in these earlier instances, clever manipulation of the surface chem-
istry can offer effective solutions as exemplified by the electrode surface modi-
fication strategy (Section 4.4.4). Similarly, the use of coated hybrid SERS sub-
strates appears to be a promising approach.” As reviewed elsewhere,” this
circumvents the problem with electrode poisoning, and equally important, the
analyte is not required to undergo electrochemical transformation.

4.12. SUMMARY

Electrochemical methods for sensing pollutants are applicable to a wide range
of analytical scenarios from the laboratory to the field. These methods may be
implemented either in the batch mode or in flow streams. They can also be used
as the detector as part of a composite system as in chromatography or in capil-
lary electrophoresis. Finally, the use of light in conjunction with electrochemis-
try (photoelectrochemical detection) brings an added dimension to the versatil-
ity of electroanalytical methods for pollutant sensing and quantification.
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CHAPTER
FivEe

5.1. INTRODUCTION

Many electrochemical processes for environmental pollution control in-
volve the direct reaction of species at electrode surfaces, while others involve
production of active species at the electrode and further reaction with the
targeted pollutants. The term direct electrolysis shall be used here in connec-
tion with those processes in which an electron transfer reaction to or from
the undesired pollutant occurs at the surface of an electrode. Likewise, the
term indirect electrolysis refers here to processes in which a dissolved redox
reagent either exists in or is generated from the electrolyte or from the elec-
trode phase in order to participate in a targeted reaction. The two types of
approaches are compared and contrasted in Figure 5.1.

The direct and indirect electrolytic processes discussed in this chapter
include the oxidation and reduction of organic and inorganic pollutants.
Indirect processes also include processes of electrocoagulation,
electroflotation, and electroflocculation. Separate sections in this chapter are
devoted to the electrochemical treatment of gases, soils, and membrane—ion
exchange based approaches. Due to its special importance and scope, elec-
trochemical disinfection of water will be discussed in a separate chapter
(Chapter 7). Likewise, commercial prospects for these electrochemical tech-
nologies will be presented in the last chapter (Chapter 8) of this book.
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(a) (b) (c)
< e e @ g €
Pollutant C R C
Product(s) ct (0] C*+R =0
Electrode Solution Electrode Solution Electrode Solution
Direct Indirect

FIGURES.1. Schemes for direct (a) and indirect electrolytic treatment of pollutants. The latter can
be done both with reversibly (b) and irreversibly (c) electrogenerated reagents. In the last two
examples, R is a pollutant and C is a reagent. An oxidative scheme is assumed.

5.2. POSITIVE FEATURES OF ELECTROCHEMICAL APPROACHES TO

POLLUTION CONTROL

Electrochemical techniques offer many distinctive advantages relative to

the other technologies discussed in Chapter 1:

Environmental compatibility: The main reagent used is the electron, which
is a clean reagent, and usually there is no need for adding extra chemicals.
Versatility: Electrochemical processes involving direct or indirect oxida-
tion and reduction can generate neutral, positively, or negatively charged
inorganic, organic, or biochemical species. They can also deal with solid,
liquid, or gaseous pollutants and can induce the production of precipi-
tates, gaseous species, pH changes, or charge neutralization. The products
from the electrolysis of pollutants often are even useful. In addition, a
plethora of reactor and electrode materials, shapes and configurations can
be utilized. Frequently, the same reactor can be used for different electro-
chemical reactions with only minor changes. In addition, point-of-use pro-
duction of chemicals is facilitated by electrochemical techniques (e.g., for
water disinfection). Last, volumes of fluid from microliters to millions of
liters can be treated.

Energy efficiency: Electrochemical processes often have lower tempera-
ture and pressure requirements than those of equivalent nonelectrochemical
counterparts (e.g., incineration, supercritical oxidation). The applied po-
tentials can be controlled and electrodes and cells can be designed to mini-
mize power losses due to poor current distribution and voltage drops.
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* Safety: Electrochemical processes are safe because of the mild conditions
usually employed, and the small quantity and innocuous nature of the
added chemicals.

*  Selectivity: The applied potential in many cases can be controlled to selec-
tively attack specific bonds and thus avoid production of by-products.

* Amenability to automation: The electrical variables used in electrochemi-
cal processes (I, E) are particularly suited for facilitating data acquisition,
process automation, and control.

* Cost effectiveness: The required equipment and operations are normally
simple and, if properly designed, can also be made relatively inexpensive.

5.3. DIRECT ELECTROLYSIS OF POLLUTANTS

Pollutants capable of undergoing direct electrochemical oxidation or re-
duction at an electrode can in principle be removed from water streams or
reservoirs by the application of appropriate potentials in electrochemical reac-
tors. Here, oxidation or reduction processes occur directly on inert electrodes
without the involvement of other substances (e.g., electron mediators, biocidal
species). Unfortunately, rather than the removal of unwanted material being
the dominant electrode process, side reactions (particularly solvent breakdown)
almost always occur; for example,

2HO —» O, + 4H" + 4 ¢ GB.1)
2HO + 2e — H, +20H (5.2)

While these reactions do have a deleterious effect on the overall process effi-
ciency, clever schemes can be devised to exploit the production of gases as well
as the pH changes associated with Reactions (5.1) and (5.2) to bring about use-
ful reaction chemistry. For example, the production of H,(g) has been used to
facilitate the flotation and removal of unwanted substances in the
electrocoagulation—electroflotation process (see later). Likewise, the genera-
tion of hydroxyl ions at the cathode (Reaction (5.2)) serves to immobilize the
electrolytically generated Cr(IIl) as the insoluble hydroxide, in the electrochemi-
cal reduction of the (very toxic) Cr(IV) to Cr(III).'? Finally, the production of
H,O" has been used in the field of electrokinetic or electro-osmotic remediation
of soil to increase acidity in soils, solubilize pollutant species, and so forth.

5.3.1.  Anodic Oxidation of Sample Organic Pollutants

Figures of Merit. The potentials required for the oxidation of organic com-
pounds are usually high and thus the production of O, from the electrochemi-
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cal oxidation of H O is normally the main parasitic reaction. By measuring the
dioxygen flow rate during electrolysis in the presence (Vo,,org) and in the
absence (V0,) of an organic species in aqueous media, an instantaneous cur-
rent efficiency (ICE) at time ¢ for its oxidation can be defined**:

ICE = VOZ - VOZ,org (5.3)

Vo

2

In other words, if all the current during electrolysis were used for the oxidation
of the organic, then Vo,,org =0 and ICE = 1. When the electrolysis products are
soluble in the electrolyte, the ICE can also be calculated from the (instanta-
neous) difference between two values of the chemical oxygen demand (COD) of
the solution, givenin g, liter”, as follows*:

|(cop); - (coD),, o] CFev (5.4)
8IAt s

ICE =

where COD, and COD, ,, are the values of the chemical oxygen demand at
times t and A¢, respectively; V _is the volume of the electrolyte in liters, I is the
current (A), and F is the Faraday constant. If the parameter ICE is plotted as a
function of time, the area under the curve integrated, and the result divided by
the total time (1) elapsed up to the point when ICE = 0, an “average current
efficiency” is obtained that is called the electrochemical oxidability index (EOI):

EOI = J.o ICE dt (5.5)

An example of the ICE vs. f curve obtained during the electrochemical oxida-
tion of p-aminotoluenesulfonate on a Pt anode, is shown in Figure 5.2.°

The parameter, EOI gives a quantitative estimate of the ease of electro-
chemical oxidation of organic species; that is, the larger this value, the more
easily the species can be oxidized. Sample EOI values for selected aromatic
compounds are shown in Table 5.1.? It can be seen that electron-withdrawing
groups (e.g., -SO,H, -COOH) produce low EOI values indicative of a low elec-
tron density available for oxidation, whereas electron-donating groups (e.g.,
-NH,) produce high EOI values due to the increased electron density available.
When both types of groups are present, as in p-aminotoluenesulfonic acid, the
inductive effect of the electron-donating group dominates. In fact, an excellent
correlation has been found between EOI and the ¢ (Hammett) constant of a
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FIGURE 5.2. Instantaneous current efficiency (ICE) during the oxidation of p-aminotoluene sul-
fonic acid on Pt. (Reproduced with permission from Comninellis and Plattner.?)

substituent (which depends on the nature and location of the substituent) and
an electrodic parameter p as follows™

log EOI = po + ¢ (5.6)

where cis a dimensionless constant. For monosubstituted benzenes, this equa-
tion becomes

log EOI = 26 - 1.3 (5.7)

Since 0, < < 0, the fact that the slope is negative suggests that the limiting
step in these anodic oxidations is of an electrophilic nature.

By calculating the fraction of current that oxidizes the organic species (as
opposed to the fraction that oxidizes water) and converting it to its equivalent
in grams of O, per gram of the organic species, the following rationale has been
used to define the electrochemical oxygen demand (EOD).? If all the current in an
anodic oxidation were used for O, production,

2HO - O, + 4H" + 4e (5.1)
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Table 5.1. The Electrochemical Oxidazability Index of Representative Aromatic

Substrates
Substrate EOI
NH,
SO;H
© <0.05
NH,
0.58
SOs;H
CH;
NO,
0.1
SO;H
CH;
COOH
© <0.05
COOH
NH,
0.55
OH
© 0.2

Source: From Comninellis et al. 3-7
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then one would theoretically obtain the following quantity of O, after time ¢:

1molO, \{ 1mole” It
= = = 5.8
mol OZ(theor) (4mol e—)( F It AT (5.8)

In the presence of a species (Org) contained in the solution, a fraction of the
total current will be used to oxidize Org:

Org -¢; Oxidation products (5.9)

The equivalent of this fraction of the current in moles of O, is then

mol O, =mol Oyyeor * EOL = i—; « EOI (5.10)

If these moles of O, were used to chemically oxidize g grams of the species Org,
one would obtain the following ratio:

It
molO, _ (4F ) o EOI (5.11)
gorg gorg

This can be expressed as a weight ratio by converting the moles of O, to grams
of O, (8,):

It
L 32
goz (4F o EOI) mol O, goz

= L] 5.12
Sorg Sorg 1 molO2 ( )

Since 1 is the time elapsed until electrolysis is essentially complete (i.e., ICE = 0),
one can replace 7 for t; hence, the electrochemical oxygen demand is defined as

EOD =39 _go| 1% |4 gor (5.13)
8org F.gorg

The degree of oxidation (x) of the organic pollutant (Org) can be defined as the
ratio of the (equivalent of the) amount of dioxygen required for the oxidation
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of one gram of Org to its oxidation products (this amount is the EOD) to the
amount of dioxygen initially required for complete oxidation to CO,. Here,

.. EOD
COD*

(5.14)

and
~1

0
. I(8
COD -( ?g) = CcoD* (5.15)

where COD* is expressed in g,/g,,., whereas COD’ and [g__/L]" are the initial
COD and the initial concentration of the pollutant, respectively. It can be seen
that as x approaches unity, the anodic oxidation to CO, is more complete. How-
ever, it must be borne in mind that the oxidation need not go all the way to CO,
for the process to render the pollutant unharmful. Intermediates such as oxalic
and maleic acids® are biodegradable and as such are acceptable as end oxida-
tion products. This translates into high electricity savings, since fewer elec-
trons are anodically removed from the pollutant. A biological or a chemical
oxidation post-treatment can then be coupled to the electrochemical treatment,
as schematized in Figure 5.3.°

The criteria for definitions may vary and be subject to interpretation; how-
ever, a degradation of 20% of the initial COD is called primary degradation (since
it involves a modification of the initial substance), whereas a degradation of
70% is called final degradation or complete mineralization and the substance is
referred to as intrinsically biodegradable® Note that the kinetics of these pro-
cesses are not taken into account for such definitions.

If the organic substance is refractory (i.e., nonbiodegradable) or toxic, then
the initial treatment {chemical or electrochemical) has to be designed as to
modify it and make it amenable for biological degradation, which is generally

rama__ |
i_ﬂ nm;
N

Bocirochemical
treciment

i ﬂ

FIGURE 5.3. Coupled biological-electrochemical system for water treatment. (Adapted from
Seignez et al.%)
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FIGURE 5.4. A combined water treatment system for a space-habitat application.

the process of choice due primarily to its low cost. These hybrid processes may
play a key role in waste management for industrial effluents with the charac-
teristics just described. For example, for a space-habitat environment, a sys-
tem has been designed to produce potable water from a waste stream of laun-
dry, shower, handwash, and urine waste water, as shown in Figure 5.4.1° This
combined process is reported to reduce the total organic carbon of the waste
stream by >99.9%. Further, it does not require components that must be re-
plenished and uses only electricity. Most important, the system produces non-
toxic gases such as N, H,, and CO,,.

Electrode Materials. The selection of electrodes for the direct anodic oxi-
dation of organic and inorganic pollutants has to take into account the compo-
sition and nature of the solution to be treated as well as the stability of the
electrode material, its cost, selectivity, and environmental compatibility. Since
many organic and inorganic substances require rather high potentials for their
oxidation (often higher than that for the oxidation of water), the nature of the
electrode must be such that it will not corrode under the application of such
potentials. This can be predicted to a certain degree in aqueous solutions with
the aid of the corresponding Pourbaix diagram (see Chapter 2). Such predic-
tions, however, may be complicated by the presence of reactive components in
the solution other than the pollutant (e.g., complexing agents, dissolved gases,
salts). Generally, oxidized noble metal surfaces (e.g., Pt, Ir, Ru) will be suitable
for the oxidation of organic substances, although their cost poses a major re-
striction for their widespread use. On the other hand, cheaper substitutes such
as oxidized nickel and lead can be used in aqueous media. Three-dimensional
electrodes are known to offer a high surface area per unit volume. In addition,
the passage of the solution through these electrodes produces local turbulence;
this salutary effect facilitates mass-transfer processes. Commercially available
high surface area anodes include graphite, reticulated vitreous carbon, tita-
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nium, stainless steel, nickel, and Ebonex (a Ti-based ceramic, see Section 5.9).
Care has to be taken in proper selection, since most electrodes (e.g., nickel and
stainless steel) are useful in only a limited range of potential and pH.

Another consideration in choosing the electrode materials is the influence
of the cathodic reaction on the overall efficiency. For example, during the oxi-
dation of phenol, benzoquinone is produced as an intermediate that can be
reduced at the cathode, producing the corresponding hydroquinone that can,
in turn, be reoxidized at the anode, thereby decreasing the efficiency of the
process of interest and requiring a separator between anode and cathode. On
the other hand, the high overpotential used at the SnO, anode yields essen-
tially irreversible oxidations, where the products cannot be normally reduced
at the cathode; therefore, higher yields are to be expected.

Carbonaceous materials (carbon felt, reticulated vitreous carbon, glassy
carbon) are known to have surface oxygenated functional groups that facilitate
electron exchange with organic substances and are safe from an environmental
point of view. However, noble metals and oxide-covered Pb and Ti substrates
are more commonly used for these applications, due in part to their high resis-
tance to severe conditions and the high O, evolution overpotentials of the ox-
ide-covered materials. An interesting approach involves the modification of
metal electrodes with organic ligands to facilitate the effect just discussed.

The potential at the auxiliary electrode is also a key factor in achieving
high current efficiencies. Unfortunately, the reactions normally occur in a rather
unselective manner and most of the energy from the power source is spent on
side reactions and heat generation. An approach that diminishes this problem
consists of the use of electrocatalytic materials on the auxiliary electrode sur-
face. This approach has been reported to afford high selectivity.!! Further-
more, application of an alternating current facilitates electrochemical reactions
at the average electrochemical potentials set by the equilibrium between sur-
face groups and the electrolytic solution. In addition, a self-cleaning effect oc-
curs due to the periodic reversal of current, which changes the nature of the
substances produced at each electrode, thus preventing deposits and other un-
desired cumulative effects.!

We shall now proceed to discuss individual classes of organic pollutants.

Phenols. These are aromatic compounds containing one or more hydroxyl
groups attached to the aromatic ring. Phenols are produced as wastes in a
variety of industries, including dyes, plastics, pharmaceutical, oil refineries,
and coke plants. The toxicity and bad smell of phenols warrant further treat-
ment before discharge. Treatment technologies include activated carbon ad-
sorption, solvent extraction, and biological, chemical, or electrochemical oxi-
dation. Normally, biodegradation is used; however, this is not a viable option
when the concentrations are rather high or when the composition of the efflu-
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ent is variable. In these scenarios, chemical oxidation processes are preferred.
These include the use of hydrogen peroxide in the presence of Fe?* (Fenton’s
reagent), ozone, and chlorine (see Section 5.4). Nonetheless, the high cost of
chemical oxidizers has led to renewed interest in the study and development
of direct electrochemical alternatives.

The electrochemical route involves oxidation at anodes that show high
overpotentials for the production of dioxygen, such as PbO,, graphite, and Ti
covered with Ti or Sn oxides. Platinum electrodes have also been used. De-
pending on the nature of the anode and pH conditions used, different path-
ways, intermediates, and side products have been identified in the oxidation
of phenol. On a graphite fluidized bed, at least 48 compounds were shown to
be produced during phenol oxidation.”” This may be due to the presence of
surface oxygenated functional groups at the carbon electrode as discussed pre-
viously. Graphite or activated carbon particles can also be mixed with oxida-
tion catalysts (metal oxides from the groups IVA, VA, VIB, and VIIB of the
periodic table, particularly MnO,, Cr,O,, Bi,O,, and PbO,) for the treatment of
phenolic compounds.

Phenol oxidation on lead dioxide packed bed anodes is initially kinetically
controlled until the concentration decreases and the process becomes mass-
transfer controlled.! Oxidation is faster under acidic conditions, whereas the
removal of oxidation products (as measured by the total organic carbon con-
tent, TOC) is higher in basic media. The major intermediates in a cell with a
Nafion cationic separator are benzoquinone and maleic acid, and the main fi-
nal product is CO,."* The oxidation can be made essentially complete. It is
important to note that at higher phenol concentrations, the production of CO,
is somewhat inhibited. This can be attributed to the formation of a polymeric
film at the anode (also noted during the oxidation of phenol on Pt, see later).
When the CO, produced is used as a measure of phenol oxidation, the current
efficiencies are on the order of 20% (at 1 A), and 11-16% (2 and 3 A). These can
be improved by running the reaction potentiostatically instead of
galvanostatically. Greater conversion to CO, has been achieved by using higher
acid concentrations (which promote breakdown of the benzoquinone ring),
higher temperatures, and dissolved dioxygen (which increases the rate of oxi-
dation of benzoquinone).'? Creation of defect sites by incorporation of Bi(V)
into PbO, films produces an electrocatalytic effect for the oxidation of phenol
with only a slight increase in background current due to O, evolution."* Such
efficient oxidation has the additional benefit of preventing the formation of
polymeric films that hinder the electron transfer process at the interface. Inter-
estingly enough, these films are deliberately formed for metal coating applications
due to their strong affinity for substrate adsorption and pinhole-free nature.”

Anodic oxidation of aromatic hydroxy compounds generally leads to the
formation of a polymeric film that slows down electron transfer and compli-
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cates mechanistic studies.® In fact, during the anodic oxidation of phenol a
yellow-brown, electrically conducting polymeric film forms at the surface of a
Pt cylinder. Its formation is favored by high pH, high temperature, high phe-
nol concentration, and low current density. These findings have led to the
proposal of a reaction mechanism based on the phenolate anion (C.H,O") and
the formation of a polyoxyphenylene film.* The EOI is independent of the
current, and so the process is not mass-transfer limited. For this reason, it has
been proposed that the reaction occurs by an electrophilic attack of the ‘OH
radical on the aromatic nucleus, which also explains the observed increase of
EOI with pH, since the phenolate ion is more reactive than phenol itself to
electrophilic attack. This proposed mechanism is supported by the fact that
the intermediates (hydroquinone, catechol, and benzoquinone) are initially
formed in large amounts and then further oxidized into aliphatic acids (maleic,
fumaric, and oxalic), which are stable to further oxidation. These products are
very similar to those observed during the oxidation of phenol with Fenton’s
reagent, which is known to generate the highly oxidizing "OH radicals in aque-
ous solutions (see Chapter 6). Since this reaction mechanism involves ‘OH
radicals, it is more appropriately discussed within the framework of indirect
electrolytic processes later in this chapter. Since the TOC attained via the chemi-
cal route is on the order of 30%, whereas that obtained electrochemically is
60%, it is believed that direct oxidation of phenol or its intermediates (but not
that of the aliphatic acids, which are only very slowly oxidized) also occurs at
the anode.”

It has been hypothesized that most of the initial current flow during phe-
nol oxidation on Pt is due to simple, fast reactions in the outer Helmholtz layer.”
Further oxidation requires that the compound become part of the inner
Helmholtz layer, whereby the electron transfer is slowed down due to the pres-
ence of a metal oxide layer. Temperature increases or periodic reduction of the
metal oxide layer result in higher pollutant oxidation rates.'* When oxidation
of bisphenol-A [2,2-bis(4’-hydroxyphenyl)propane] is performed in the pres-
ence of chloride ions, toxic chlorinated aromatic intermediates are formed.
Fortunately, under controlled conditions, these intermediates are not found in
the reaction mixture, and the final products are short-chain aliphatic acids.!®

Aromatic Amines. These compounds are known to be quite poisonous
due to their reaction with hemoglobin and the consequent suppression of
dioxygen uptake. Effects from chronic exposure include anemia, anorexia,
weight loss, and cutaneous lesions. These compounds are commonly produced
as by-products or wastes in the dye, petroleum, rubber, perfume, coal, and
pulp and paper industries. The parent compound of the series, aniline, can be
oxidized in an one-electron oxidation process:

CHNH, » CHNH,* + e
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This cation radical can polymerize in acidic media, forming a dark-green pre-

cipitate at the anode.”” The degradation of aniline in sulfuric acid on PbO,

electrodes in a fixed bed reactor with a Nafion cationic exchange membrane as

a separator between anolyte and catholyte is believed to proceed as follows:
CHNH, + 2HO —» CHO, + 3H" + 4e + NH/}

67472

CHO, + 6HO —» CHO, + 12H* + 12e + 2CO,

4°7474

CHO, + 4HO — 12H* + 12e + 4CO,

It is noteworthy that the intermediates are similar to those found during the
degradation of phenolic compounds and benzoquinone, thus indicative of a
similar mechanism. In fact, these intermediates or by-products, together with
any unreacted aniline, account for ca. 90% of the initial aniline after 5 hr of
reaction time, whereas at short reaction times (0.5 hr) they only account for
~50%. This means that some other intermediates are produced and later trans-
formed into these main compounds. The oxidation of aniline under these con-
ditions is rather fast, since more than 80% is oxidized within 0.5 hr. After 5 hr,
97.5% is degraded and 72.5% completely mineralized to CO,. The current effi-
ciency for a 5 hr experiment drops from 12% (1 A) to 9% (3 A) due to dioxygen
evolution, which may also produce oxidation of the by-products. From these
equations, it can be predicted that higher pH values should shift the reactions
to the right, since the OH- ions remove the H* present. In fact, complete oxida-
tion is favored at high pH values. The best current efficiencies (~40%) are ob-
tained at short times (0.5 hr) and at the highest initial pH (pH = 11).

The degradation in alkaline solutions shows first-order kinetics on an an-
odized Pb foil, where 99% of the pollutant molecules (aniline or 4-chloroaniline)
are degraded within 2.5-3 hr. In addition, complete disappearance of all or-
ganic intermediates is observed.'™* The overall reactions are

CHNH, + 280H — 6CO, + NH, + 28e + 16H0
CH,NHCI + 27 OH" — 6CO, + NH, + 26e + 15H0 + CI

Halogenated and Nitro Derivatives. As mentioned in Chapter 1, many
polyhalogenated compounds (e.g., pesticides) have been identified as toxic,
and their disposal is expensive. In addition, they usually must be shipped
long distances or be incinerated or stored in appropriate sites. Conventional
methods used for their treatment include concentration (membrane separa-
tion, adsorption, special resins), chemical oxidation (wet air, O,, UV light), or
reduction (e.g., high temperature catalytic hydrogenolysis) and biological meth-
ods. Polyhalogenated compounds are in general not amenable to destruction
by incineration due to high cost, high temperatures, incomplete combustion,
and the possibility of the reaction of Cl, with the surroundings. Waste materi-
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als containing these compounds as well as nitrated ones (to the level of 1~10°
ppm) can be detoxified by adding small amounts of cationic, anionic, on non—
ionic micelle-forming compounds. In passing the waste material along the an-
ode (made of Ti, PbO, or carbon fibers) of an electrochemical cell, the toxicity
and mutagenity are substantially reduced. In addition, a significant decrease
in the consumption of energy (~45%) (as compared to the non-micelle process)
can be achieved.”” Anodic dehalogenation of 1,2-dichloroethane on Pt elec-
trodes has been demonstrated in aqueous solutions.? The reaction path involves
stepwise oxidation to the corresponding alcohol, aldehyde, acid, and CO, as
the final product together with Cl, and HCIO,.

Waste Biomass. Waste biomass can be oxidized on Pt or PbO, anodes in
H,SO, and urine electrolytes; this process has been termed electrochemical incin-
eration.”’ High TOC removal is observed (up to ~95%) without coproduction of
undesirable gases (CO, NO, NO,, CH,, NH,). When urine is present as the
supporting electrolyte, the oxidation occurs through an indirect mechanism
due to the anodic production of ClO- ions. Redox mediators (e.g., Ce*"**) can

also accelerate the rate of oxidation.?

Other Organic Compounds. Table 5.2 contains a representative listing of
other organics that have been successfully treated using the anodic electrolysis

approach.”?# In many of the cases shown, however, the mechanistic aspects
have not been completely elucidated. As with the compounds discussed pre-
viously, the direct oxidation often competes with other electrochemical (and
even chemical) routes. For example, the production of radicals from the oxida-
tion of water and nitric acid as well as chemical attack on the organics by nitric
acid are believed to be responsible for the high rates observed for benzene,
methanol, propanol, and cyclohexane.”

5.3.2.  Anodic Oxidation of Sample Inorganic Pollutants

Cyanide. Chlorine and hypochlorite have been used for oxidizing low
concentrations of cyanides in waste water. However, the chemical treatment is
rather complex and expensive when dealing with concentrated solutions?; fur-
thermore, the possibility of forming potentially toxic halogenated organic com-
pounds warrants the evaluation of other techniques. The electrochemical route
has been under investigation, since no extra chemicals are required, no sludge
is produced, and high current efficiencies (up to nearly 100%) can be obtained
in concentrated alkaline solutions ([CN] > 0.2 M) when using a RuO, + TiO,
titanium anode covered with an electrodeposited PbO, film. In addition, the
corrosion rate under these conditions (at 50°C) is negligible. The overall reac-
tion proposed is
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Table 5.2. Organic Substrates Successfully Treated with the Direct Oxidation Approach

Substrate(s) Comments Reference
Formaldehyde, trioxane, Biodegradability of these three compounds is 22
and urotropin low; electrochemical degradation investigated

on Sb-doped SnO; film on Ti substrates

Benzene, methanol, Rates of destruction at 3 V: ~0.2-0.3 mL 22
propanol, and cyclohexane (A-hr)-1
Thymol blue A fluidized bed of carbon particles is used for the 22a

oxidation of this dye; low yields, below the
Cl; evolution regime in KCl-containing
electrolye; at potentials in the Cl; evolution
regime, the degradation rate increased

Meat extract Graphite electrode used for anodic oxidation 23
of the organics present in meat extracts

Tributylphosphate Directly oxidized in aqueous HNOj3 at carbon 24
anodes to yield CO;, H>O, inorganic
phosphates, and a small amount of CO

Carboxylic acid anions Liquid nuclear wastes contain transition 25
metal complexing agents (e.g., EDTA,
citrate, formate, acetate) that can be
destroyed using Ni or Pt-Ti anodes

Notes: In many cases, the direct pathway may be in competition with other routes (refer to text).

CN + 20H = CNO + HO + 2¢e
The possible mechanisms include the following.

Mechanism a: CN- =CN'_ + ¢

(ad)

CN' .+ OH = HCNO + e

(ad)

HCNO + OH = CNO- + H,O
Mechanism b: CN-=CN'_ + ¢

(ad)
CN‘(ad) + CN' = NCCN + e
NCCN + 20H = CN + CNO + H,0O
Mechanism c: 2CN- = 2CN" + 2¢

2CN° = NCCN
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NCCN + 20H = CN + CNO + HO
Mechanism d: CN =CN + e
CN + HO = CNO + 2H" + e

The cyanate ions thus produced, CNO- are approximately 1,000 times less toxic
than CN-ions.

When NaCl is added to the electrolyte to increase its conductivity, the
mechanism switches to an indirect one (see later), since Cl, is produced and it
oxidizes cyanide. Removal rates of practically 100% have been achieved in a
bipolar trickle tower reactor.”” Energy consumption is on the order of 0.78 kW hr
m~ when no chemicals are added. To take advantage of the high surface area
and the creation of local turbulence by porous electrodes, PbO, has been de-
posited on a reticulated vitreous carbon matrix for the oxidation of cyanide,
with excellent results for pollutant destruction and electrode stability and rea-
sonably good faradaic yield (~50%).%

Simultaneous oxidation of cyanide ions and reduction of copper ions to
metallic Cu (at a cathode separated from the anode by a diaphragm) has been
achieved with carbon fiber electrodes modified with copper oxides. The rate
of this oxidation is affected by the degree of complexation of the CN-ions. For
example, ML, complexes are relatively easy to oxidize whereas the correspond-
ing ML, complexes are the most difficult ones.”

Thiocyanate. These ions can be effectively oxidized on platinized-titanium
electrodes in a batch recirculation reactor, and their concentration can be low-
ered practically by 100% (at 30 A m?2).%

5.3.3.  Cathodic Reduction of Pollutants: Electrode Materials

Since H, evolution is commonly the side reaction in aqueous solutions, the
cathode material should have a large overpotential for this reaction. Carbon
electrodes may undergo deterioration for the following reasons: (a) attack by
radical species either from the electrolyte or from the solvent, such as peroxide,
formed during the cathodic reduction of dioxygen, or (b) in the case of graph-
ite, deterioration due to intercalation of ions or molecules in solution that mi-
grate between its basal planes causing fractures. Three-dimensional carbon-
aceous cathodes made of partially graphitized (at least 5% of the carbon is gra-
phitic) amorphous carbon and graphite felts have proven to be immune from
such difficulties. The graphitization ensures sufficient reactivity enhancement,
whereas the amorphous structure provides cross-linking between planes. Other
cathode materials include nickel (metallic, alloyed, or in composites), plati-
nized Pt, Pb, Hg, metal hydrides, and the like.



5.3. Direct Electrolysis of Pollutants 377

Reductions with low valency (e.g. +3) titanium compounds are well known
in organic chemistry. However, reagents such as TiCl, are not easy to handle.
Titanjum or titanium dioxide cathodes have been suggested®' as an alternative
to these reagents and applied for the reduction of compounds such as nitroben-
zene. The idea is to utilize the Ti(IV/III) and Ti(IIl /II) redox processes in immo-
bilized layers for the heterogeneous redox catalysis of targeted reduction reac-
tions. Reaction schemes such as

Ti(OH); + ¢ + H* — Ti(OH); + H,0

|
6 Ti(OH); + C¢HsNO, + 4H,0 — 6Ti(OH), + CgHsNH,

have been proposed.?

5.3.4.  Cathodic Reduction of Sample Organics

Chlorinated Organics. As discussed in Chapter 1, the toxicity of these com-
pounds is directly related to their chlorine content. Reductive dehalogenation
is an especially attractive route to the treatment of these compounds. As will
be seen in Chapter 6, this is often the method of choice for pollutants such as
chloroalkanes (e.g., CCl,), since the reactivity of species such as ‘OH to them is
rather low. The dehalogenation reaction can be generically represented as

R-Cl + 2H* + 2e —» R-H + HCl

These reactions occur at potentials in the range, -1 to -3 V vs. SCE. Advantages
of this method include the following: treatment occurs at ambient tempera-
ture, no additional chemicals are required, and the removal of chlorine atoms
is selective thus leaving the organic skeleton to be degraded by cheaper meth-
ods (i.e., biological).

Polychlorinated Biphenyls. Their detoxification has been successfully
achieved by a reduction process whereby PCBs are extracted from a liquid car-
rier (usually electrically insulating mineral and silicone oils), and then reduced
at a mercury cathode, where they lose their Cl content.”? The proposed reac-
tion is*

C,H,.Cl + 2ne + nH* - C H + nCl
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To avoid the loss of toxic mercury to the liquid stream, to improve current
densities, and to increase surface areas for scale-up, other cathode materials
have been studied for this application.” The most suitable include partially
graphitized amorphous carbon (discussed earlier) and graphite felt; the latter
provides up to 99.5% destruction in a propylene carbonate-mineral oil emul-
sion, with a current efficiency of 53% at 15 mA cm™ in a flow-through configu-
ration. In laboratory cells, the dechlorination of PCBs has been shown to be
facilitated by ultrasonication.

o-Chlorobenzoic Acid. This refractory pollutant is resistant to anodic oxi-
dation but has been shown to be cathodically converted to the corresponding
alcohol and aldehyde, which are readily oxidizable to aliphatic acids.** Dechlori-
nation during reduction is indicated by a positive test with silver nitrate, whereby
silver chloride precipitate is formed if there are chloride ions in solution.

Chlorophenols. Several chlorophenols have been dechlorinated at cathodes
made of carbon fiber bundles with current efficiencies ranging from 0.4% (in
the case of 4-ClI-C,.H NO,) to 75% (in the case of dichlorvos).* A commonly
used chlorophenol, pentachlorophenol, can be dechlorinated stepwise all the
way to phenol from an initial concentration of 50 ppm with a current efficiency
of 2% and an energy consumption of 36 kW hr m?.

5.3.5.  Cathodic Reduction of Sample Inorganics

Oxynitrogen Ions. High-level nuclear waste containing nitrate and nitrite
can be treated electrolytically to reduce these anions by 99% by conversion to
nitrogen-containing gases.’ Alternatively, electrochemical separation can be
achieved by using ion selective membranes (see later). The reduction process
hasbeen claimed to decrease the concentration of the pollutant, to recycle chemi-
cals, to minimize the volume of wastes, and to transform corrosive nitrates to
less corrosive (or even corrosion-inhibiting) substances.

In this electrolytic reduction process, nitrates are reduced to nitrites®:

NO,; + HO + 2¢ = NO,; + 20H

Likewise, nitrites are reduced to yield N,O, N,, or NH,. These three substances
are generically called A in the following equation:

aNO,; + PHO + ce = A + d OH-



5.3. Direct Electrolysis of Pollutants 379

where g, b, ¢, and d are the stoichiometric coefficients necessary for the produc-
tion of 1 mole of A. The hydroxide solution thus produced can be recovered by
evaporation and recycled back into fuel processing. Nickel and lead are used
as cathode materials and nickel and platinum as anode materials. As anadded
benefit, pertechnate and ionic ruthenium, Cr(VI), and Hg(II) species are depos-
ited or precipitated on the cathode thus removing undesired non-radioactive
species as well as Tc-99 and Ru-106 radioisotopes.”

Many industrial chemical operations yield waste solutions containing al-
kali nitrates and alkali hydroxides.”’ For example, these wastes are generated
in the production of nickel-cadmium batteries, in the precipitation of metal
hydroxide catalysts, and in the regeneration of anion-exchange resins. It is
possible to recover the hydroxide by an electrochemical process that involves
first the reduction of nitrate to nitrite and then the reduction of nitrite to nitro-
gen gas™":

2NO,; + 4e + 2HO —» 2NO,; + 40OH
2NO, + 6e + 4HO - N, + 8OH

The corresponding anodic reaction is the oxidation of OH ions to O,. Since the
intermediate nitrites (and some ammonia produced during their reduction)
can be reoxidized at the anode, a diaphragm is used to prevent the back reac-
tion and thus to improve the efficiency to high values.

As discussed before, nitrates and nitrites are also pollutants in drinking
water. Stringent legislation has been set due in part to their implication in
methemoglobinemia in infants (Chapter 1). Reduction of these oxynitrogen
species has been successfully carried out in commercial flow cells on a copper
felt cathode, with pollutant reduction of up to ~94% in a single pass.®® The
main final product is claimed to be N,(g), and neither NH, nor NO _is pro-
duced in the process.

Oxychloride Species. Oxyhalide water disinfection by-products (DBPs)
such as chlorite (C1O,’) and chlorate (ClO,) are either present or formed during
the use of ClO,, Cl,, or NaOCI (Chapter 7). Concentration ranges from ppm to
several weight percent can be reduced up to 100% in a flow cell with a stainless
steel fiber felt cathode; the final product is predominantly the environmentally
safe Cl ion.*®

The electrochemical treatment of metal ions warrants a separate section in
itself because of the huge knowledge bank that exists on it. We shall discuss
this technology in the next section.
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FIGURE 5.5. Processes for the removal of electrodeposited metals.

5.3.6.  Cathodic Reduction of Metal Ions

The most commonly used treatment methods for metal ion removal (other

than landfill) include

Precipitation as hydroxides, sulfides, or oxalates (with lime, magnesium
oxide, sulfides, oxalate)

Filtration (mixed media, activated carbon, sand, ultrafiltration)

Chemical or electrochemical ion exchange (zeolites, chelating ion exchange
resins)

Reverse osmosis

Chemical or physical adsorption (e.g., on china clay, activated carbon, ver-
miculite, alumina-silica membranes, biopolymers, chemically or electro-
lytically produced iron or aluminum hydroxides; see Section 5.4)
Stabilization or solidification

Chemical reduction (including cementation)

Biochemical remediation

Electrochemical deposition

The last technique is the topic of this section. The electrochemical treat-

ment of metal ion pollutants has several advantages, including the following:

(1)

The metal is normally produced in its most valuable form, that is the me-
tallic form, and then reused or recycled (see Figure 5.5).

(2) No extrareagents are added, and so the treated water or solution can often

be recycled.
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FIGURE5.6. Pathways for the electrochemical removal of metal ions and metal ion complexes
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from aqueous media.

Control of stream pH can be electrochemically achieved; H* ions are pro-
duced during water oxidation and OH ions during water reduction. Such
control can avoid some side reactions or promote the production of de-
sired products (for example, the production of Cr(OH), during Cr(VI) re-
duction).

Sludge production is minimized.

Selective deposition of one metal in mixtures of metal ions may be achieved
in some cases (see Figure 5.6) by careful control of the deposition condi-
tions or by the use of a series of electrochemical reactors, each fitted to
remove a particular metal ion.

Alloy deposition can be achieved in some cases.

Operating costs are low.

The corresponding anodic reaction can be advantageously used; for e x -
ample, undesirable complexing agents such as cyanide and various chelat-
ing agents and other organics may be destroyed at the anode of the same
cell. High-purity dioxygen gas may be produced in a single electrochemi-
cal reactor.
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Use is simple and compact, as exemplified by the use of electrolytic metal
removal-recovery units in many small individual jewelry and watch plat-
ing shops in Europe.

On the other hand, the electrochemical approach faces several technologi-

cal challenges to be overcome, including the following:

ey

2

®3)
(4)

®)

(6)

@)

Concentrations can be rather low and get even lower during removal. The
process then becomes mass-transport limited. For this reason, mass trans-
port enhancement has to be achieved to make the process efficient (e.g.,
with three-dimensional electrodes, turbulence promoters, flow directional
baffles, particle bed design, gas sparging, moving electrodes), and a great
deal of effort has focused on the study of such alternatives.

The metal ion depletion with time induces a lowering of the current effi-
ciency. This effect can be minimized by the use of a clever scheme based
on the programmed exponential decrease of the operating current with
time.* Furthermore, chattering control of potential as well as continuous
time-varying potential techniques have beenshown to be rather effective
(i.e., a 25% increase in the yield and 900% in the selectivity) in some elec-
trochemical processes.*!

A supporting electrolyte may have to be added due to low ion concentra-
tions.

Interference from the hydrogen evolution reaction or from dioxygen re-
duction has to be prevented or minimized. For example, dioxygen reduc-
tion becomes very important as the concentration of the metal ion de-
creases, since its solubility at room temperature is on the order of 8 ppm.
Nonetheless, the high-purity hydrogen gas by-product has an important
commercial value; in addition, pH control can be used to shift the thermo-
dynamically preferred reaction. For example, removal of cobalt ions from
solution competes with hydrogen evolution at low pH values; however, at
pH > 4 it can be efficiently removed. Last, hydrogen gas production has
been shown in certain cases to improve mass transport near the electrode
and yield metal deposits that are easier to remove by mechanical means.
The surface of the cathode, where the metal is deposited, changes in prop-
erties with time, and this may necessitate additional process control. On
the other hand, in some cases, it may even facilitate the deposition process
due to higher exchange currents on the modified surface.
Three-dimensional electrodes may suffer plugging or agglomeration as the
metal is deposited, especially in solutions with high metal ion concentra-
tion; this effect is common to many chemical engineering processes. Peri-
odic metal removal has been used to avoid this problem (see Figure 5.5).
The deposition rate and the composition of the solution in some cases may
favor the production of dendrites or else of loose or spongy deposits.
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(8) High flow rates favor high limiting currents but also give small residence

)

times, which may lead to smaller removal rates. A competition between
higher limiting currents and long residence times may lead to either result,
depending on the system. For example, in the case of Cu*, higher flow
rates yield lower removal times and higher efficiencies, whereas in the Hg*
case, higher removal was observed at lower flow rates and higher resi-
dence times.***

Potentiostatic control, which can be used to maximize current efficiencies
and minimize the occurrence of undesired side reactions, is difficult to
achieve in large cells due to shorting of the reference electrode and the in-
herent difficulty in measuring the electrode potential across the entire work-
ing electrode surface. In this case, the potential can be controlled by ajudi-
cious combination of current and mass-transfer control. Potentiostatic con-
trol has been shown to lead to faster metal ion depletion rates than the
corresponding galvanostatic control.*

(10) Other substances present in the solution may interfere with the deposi-

tion process.

Thermodynamic, kinetic, thermal, and chemical factors (other than those

already mentioned) that are fundamental in metal ion recovery include

The formal reduction potential: It is a function of the nature of the metal;
that is, more negative potentials are required for the reduction of an ion of
an active metal (e.g., zinc) than that of a noble metal ion (e.g., silver). The
change in reduction potential of certain species with pH, concentration, or
complexing agents (see later) can be used to advantage. For example, the
electrodeposition of cobalt from highly acidic solutions is hindered by hy-
drogen evolution, which is thermodynamically favored. However, at
PH > 4 electrodeposition is possible due to the lowering of the reduction
potential of hydrogen while that of the cobalt couple remains constant.*
The concentration of the metal ion: This is understood by noting that the
Nernst equation for calculating equilibrium potentials (see Chapter 2) in-
volves the concentration of the ion to be reduced. )

Interaction of the metal ions and the metallic species with the substrate:
For example, extra energy is required to form stable nuclei of many metals
on the substrate surface at the beginning of the metal deposition process;
this necessitates the application of more negative potentials (i.e., an
overpotential, see Chapter 2). Likewise, the interaction with the substrate
may be so strong that the ions may start depositing at a potential more
positive than the corresponding thermodynamic value (i.e., underpotential
deposition, UPD).

Coupled chemical reactions: They may affect the deposition potential as
well as the rate of the deposition process; for example, the preceding chemi-
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cal reactions are known to slow down the deposition process for some metal
ions. In the case of chromate ion reduction, Cr(Ill) intermediates undergo
a hydration reaction that impedes its further reduction at reasonable po-
tentials.*

¢ Complexation: As mentioned earlier, complexation is known to affect the
formal potential of metal ions (usually toward more negative values). The
new formal potential depends on the size of the equilibrium complexation
constant(s) involved. This may or may not interfere with the metal ion re-
moval process. For example, in a system for the removal of metal ions for
the production of high purity water, it was found that the addition of EDTA
impeded the removal of Cd and Pb ions.* On the other hand, addition of
EDTA facilitates the removal of Au from a Cu-containing solution due to
the formation of a strong Cu—EDTA complex that in turn permits the selec-
tive deposition of Au.*’” Even strong complexes of some noble metals have
been electrodeposited under appropriate conditions.*®

¢ Solution temperature.

* Solution composition.

The presence of these complexing agents and other species may not only
affect the formal potentials but also the mechanism of the reduction-deposi-
tion process (see later). For example, the reduction of Cu* ions in the presence
of Cl- is well known to involve a Cu (I) moiety due to its stabilization in the
presence of CI. Also, chromium electrodeposition is strongly affected by the
presence of SO,*anions, which may form bridges between the chromium moi-
eties and the substrate, thus facilitating deposition.**® Likewise, F- and CI
ions form a bridged complex with Cr(III) that facilitates electron transfer.* The
pH of the solution can shift the metallic ion in terms of its location in the corre-
sponding Pourbaix diagram, where its deposition is either facilitated or im-
peded. In addition, pH changes may alter the relative positions of the reduc-
tion of the metal ion and hydrogen evolution under a given set of conditions
and also promote dissolution or precipitation of species such as hydroxides or
hydroxo complexes. The presence of dissolved gases such as O, may promote
competitive pathways for the electrons furnished to the system, thus lowering
some of the process figures of merit (e.g., current efficiency).

Metal Ion Deposition Mechanisms. Many mechanisms have been proposed
for the electrochemical reduction of metal ions and metal ion complexes. Com-
mon mechanisms are summarized in Figure 5.6. At potentials near the metal
ion formal reduction potential, the deposits are normally compact; at more
negative potentials they successively become rough and powdery.’** These
characteristics have to be chosen according to the future use of the metal and
its desired mode of removal. For example, dendritic metallic deposits are pur-
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FIGURE 5.7. Classification of electrochemical reactors in terms of electrode geometry and mo-
tion. (Reproduced with permission from D. Genders and N. Weinberg, eds., “Electrochemistry for
a Cleaner Environment.” The Electrosynthesis Co., East Amherst, 1992.)

posely favored for the production of filtering media. The application of a mag-
netic field during deposition favors porous deposit formation, which is then
kept in place by the application of a galvanic coating.*

Electrode and Reactor Configurations: Specific Examples. Figure 5.7 con-
tains a classification of electrodes and cells that have been employed for metal

ion removal.* Assuming that charge transfer at the electrode/electrolyte in-
terface does not play a limiting role and that the metal ion concentration at the
electrode surface is negligible, the expression for the limiting current (see Chap-
ter 2) is

I, =k AnFC* (5.16)
where [, is the limiting current, k_ is the local mass transfer coefficient, A is the

electrode area, and C* is the bulk metal ion concentration. Metal ion concen-
trations greater than ~10? ppm are normally treated for recovery with plate-in
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tank or air sparged plate cells, whereas concentrations lower than ~10 ppm
need to be treated with cells having high k A values (e.g., rotating cylinder
electrode cells, three-dimensional electrode cells). Intermediate concentrations
can be treated, for example, with enhanced flow plate cells. Some examples
are given below, according to the electrodes used for removal. It is noteworthy
that combinations of electrochemical reactors can significantly lower the metal
ion concentration of waste streams (for example, two reactors in series, each
capable of reducing 90% the metal ion concentration, afford an overall concen-
tration reduction of 99%). The choice of the anode material is not always
straightforward and depends on the solution composition (including impuri-
ties), desired anodic reaction, electrode durability, and the like (see earlier).

Static two-dimensional electrodes (Figure 5.7) include tank, plate-and-
frame, concentric cylinder, perforated cathode, and tubular electrode designs.
The tank cells and plate-and-frame cells are used for high concentrations of
metals, since their low k A values can be compensated by the large concentra-
tions. Concentric cylinders (one or more) have been used for the recovery of
precious metals; redox shuttles may be prevented by the use of a divided con-
figuration.®** Perforated cathodes (e.g., perforated carbon plates) can be used
for flow enhancement. Their long durability, fabrication simplicity, and low
cost are attractive features. Tubular electrodes are simple and their behavior is
fairly well understood even for simultaneous cathodic reactions.

As mentioned earlier, the low concentrations of metal ions normally en-
countered in waste streams make their electrochemical recovery to be mass -
transport limited. Transport enhancement can be achieved by the use of mov-
ing electrodes in which turbulence promotion leads to increased values of the
mass-transport coefficient due to a decrease in the diffusion layer thickness.
Some of the popular electrode designs are discussed next.

Rotating Cylinder Electrodes. Rotating cylinder electrodes (RCE) have been
found to be simple, versatile, and efficient, producing high space-time yield
values. They are the most commonly used moving two-dimensional elec-
trodes.**s% Here, a metal cathode cylinder (e.g., stainless steel) is rotated in
the solution containing the metal ion(s) to be removed (Figure 5.8). A nonuni-
form metal deposit is obtained; its roughness plays an important role in that it
promotes localized turbulence near the surface as well as increased recovery
current values due to an increase in surface area. The roughness factor can be
obtained from the ratio of the current on the smooth surface to that on the
rough surface. The deposited metal can then be removed in different ways
(see Figure 5.5), the most common being by scraping. Mass-transport equa-
tions for the RCE can be written in terms of the k_A parameter (see Chapter 2),
which is related to the electrode geometry and the electrolyte conditions and
composition. This latter parameter can be determined from either limiting



5.3. Direct Electrolysis of Pollutants 387

[ +
DC power
SOUrce
EEF Scraper
Cation selective mI“
membrane Cout
+ L 3
1120,+H,O§ H, . ° g
+ : 2e : +
PR e | Rotating | 1< E : %
] cvincer 5 <
20H Cu +20-5Cy H
Concentric : ¥ :
perforated o H
Na> Polymer )
anode : end cape :
T
ch LJ

FIGURES5.8. Schematic diagram of a rotating cylinder electrode reactor. (Adapted from Walsh.*)

current measurements or from mass transport relationships.*>*® In this man-
ner, the following equation is obtained:

k A = 0.079 1 do% [ 05 DOs7 1,09 (5.17)

where d and ] are the diameter and height of the cylinder, respectively; v is the
kinematic viscosity of the liquid; D is the diffusion coefficient; and u is the flow
velocity.
For rotating cylinder electrodes the current is usually described by the equa-
tion
I =KCV (5.18)

where K is a constant, C is the concentration of the metal ion (in ppm), V is the
peripheral velocity (in cm/s), and x is usually near 2/3. However, a value of x
= (.92 has been achieved with a RCE. By virtue of the induced stirring action,
these electrodes also prevent surface crystallization of insoluble substances and
decrease the local pH increase due to hydrogen production, which normally
yields insoluble hydroxides that impede further deposition. This effect has
also been minimized by the use of a Pb-RCE, which is known to have a large
overpotential for hydrogen production.®!

Successful simultaneous removal of copper on a plating barrel cathode and
cyanide destruction on a packed bed anode can be achieved from waste cop-
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FIGURES.9. Simultaneous cathodic metal removal and anodic destruction of pollutants. (Adapted
from Zhou and Ching.®%)

per, silver, and cadmium cyanide solutions (see Figure 5.9). This has been re-
ported to be more cost effective than the conventional alkaline chlorinated oxi-
dation for cyanide destruction as well as the electrochemical oxidation on a
carbon fiber anode. An increase in temperature leads to an increase in the rates
of the simultaneous processes as well as an improvement in current efficiency
and a reduction in energy consumption; final concentrations of metal ions and
total cyanide can be made smaller than 1 and 10 ppm, respectively by a judi-
cious combination of process variables. Addition of NaCl leads to the forma-
tion of hypochlorite at the anode, which also acts as an effective oxidant to
cyanide. Coordination chemistry plays an important role here since, under the
same operating conditions, the effluent total cyanide concentration as well as
the energy consumption follow the same order as would be expected from
their complexation constants (i.e., the relative magnitudes of the complexation
constants are Cu < Ag < Cd, and the effluent cyanide concentrations in the
corresponding solutions are Cu > Ag > Cd). Likewise, the effluent metal ion
concentration follows the same ordering as the corresponding reduction po-
tential (i.e., the reduction potentials of the cyanide complexes are Ag > Cu >
Cd, and the effluent metal concentrations are Cd > Cu > Ag). Copper can also
be recovered from a waste acid copper sulfate stream. Current efficiencies are
in the range 30—40%.52%

Hollow perforated cylinders containing metallic pieces of high metal hold-
ing capacity can also be used in the recycling mode for the removal or recovery
of metals (e.g., Ni, Cu, Pb, Au, Ag, Sn, and Zn) from concentrated as well as
dilute solutions, from 10 to 20,000 ppm. If the metal removal medium is made
of steel wool, the capacity for metal removal is greatly increased and the final
metal content of the solution is substantially reduced.®
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Another variation consists of the use of rotating, perforated concentric
non-conducting cylinders filled with conducting particles. Cost effective, high
removal ratios of copper ions can be obtained (i.e., from 2400 to 1 ppm, and
from 1800 to 4 ppm in the presence of cyanide).*® Other advantages of the RCE
include modular and scaleable geometry and versatility of mode of operation
(e.g., batch, batch recirculation, plug flow, continuous stirred tank, single or
multiple pass, cascade). High single-pass conversions (50-90%) can sometimes
be obtained, although more typical values are on the order of 2-30%. High
current efficiencies are also observed in certain cases (up to ~95%). Still an-
other advantage is the possibility of obtaining charge transfer control by using
a large inert anode surface and appropriate flow conditions. Uniform current
densities can be obtained by appropriate (normally concentric) placement of
the anode(s). A CSTR model (see Chapter 2) has been successfully used® to
describe the behavior of a RCE during metal removal because of the effective
electrolyte stirring caused by rotation. The RCE performance is a function of
solution, electrode, and flow parameters as well as the operation mode.

Challenges include the following. The current density must be reduced
when the metal ion concentration decreases. Scale-up is usually not linear, due
to geometric effects (e.g., edge and corner effects). Chemical side effects may
occur in some cases (e.g., copper metal redissolution in acidic electrolytes, sil-
ver sulfide precipitation during silver recovery from fixing solutions). Deter-
mination of k A values by the use of limiting currents can be problematic, since
too high a potential would not set the system in the full mass-transfer limit
region and too low a potential would yield hydrogen gas. Sharp current de-
creases may be observed after some time due to a decrease in metal ion concen-
tration, which also displaces the reduction potential to more negative values,
as per the Nernst equation.

As mentioned already, most applications have been devoted to the recov-
ery of copper from acid or alkaline solutions (from a few to several thousand
parts per million), including the simultaneous anodic destruction of cyanide,
the recovery of silver from spent fixing photographic solutions, of zinc from
viscose rayon plant effluents, of metals from mining liquors, and the treatment
of chromium, nickel, and tin wastes. Comprehensive reviews of the character-
istics and applications of RCE are available.**%

Static Three-Dimensional Electrodes. Home-made porous electrodes have
been used since the last decade of the 19th century®’; however, their use was by
no means widespread. A variety of three-dimensional, porous materials (in-
cluding reticulated vitreous carbon, carbon and metal felts, metal wool, foams,
stacked mesh and perforated plates, and particulate electrode beds) are now
commercially available and have been used for many electrochemical processes,
including water treatment, organic and inorganic synthesis, energy generation
and storage (fuel cells, batteries), and analytical determinations. Versatile home-
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made reactors with interchangeable porous electrodes can be easily made.®
Three-dimensional electrode materials can be advantageously used in either
flow-through or flow-by modes (see Chapter 2)® to increase the electrode sur-
face area and mass transfer of metal ions to the electrode surface to be reduced
and removed from solution. Indeed, the flow-by configuration is known to
usually allow longer residence times, higher conversions per pass, less sensi-
tivity to clogging and more uniform potential-current distributions than its
flow-through counterpart. Scaling up is relatively simple.” The area and mass-
transfer enhancement permits the continuous (vs. batch) use of processes and
more compact systems. Thus, Eq. (5.16) becomes**™:

=k AV nFC* (5.19)

where V is the volume occupied by the porous electrode and A, is the specific
surface area (active area/unit of volume). Estimation of A by other techniques
(e.g., pressure drop measurements) permits the separatlon of the effect of the
area from that of mass transfer when enhancement of the limiting current ob-
tained by the use of porous electrodes is evaluated. For example, in the case of
Cu® removal with reticulated vitreous carbon (discussion follows), a current
enhancement of 100-250-fold was obtained due to the increase in area, whereas
only a 2-fold enhancement was due to increased turbulence.* Special attention
must be given to the design of the current feeders or current collectors to maxi-
mize the possibility for particle contact; fin-type current feeders (similar in shape
to many aluminum heat dissipators in electronic circuits) are particularly ef-
fective in this regard. Likewise, potential drops through the solution phase
must be taken into account and minimized, since they can cause an uneven
current-potential distribution with associated problems. Other experimental
and modeling studies on porous electrode-based electrochemical reactors are
available, although not all of these are oriented toward pollution abatement.”!

Reticulated Vitreous Carbon. This relatively new form of glasslike, open
pore carbon is produced by the pyrolysis of a polymeric resin.*? It combines
properties of glass and regular carbon and shows several advantages for its
use in water treatment processes. These include high surface to volume ratio
(up to some 66 cm?/cm?), a high mass-transfer coefficient, relatively low resis-
tance to liquid flow as well as low pressure drop (depending on porosity), high
chemical inertness to a variety of pollutants, high thermal and electrochemical
stability (usable potential range, 1.2 to-1.0 V vs. SCE at pH 7), machinability,
low weight (densities are typically in the range of 0.045-0.062 g cm™*), and com-
mercial availability at a reasonable cost. In addition, RVC materials feature a
self-supporting, honeycomb-type structure; electrical contacts can be easily
made by either pressing metal sheets or conductive rods on an RVC plate or
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else by application of conducting adhesives or paints. One can select from
several porosities (on the order of 92-98%) usually denoted by the number of
pores per inch (ppi). Typical choices are from 10 to 100 ppi, but compressed
RVC of up to 500 ppi is commercially available. Limiting currents are nor-
mally much greater than those with solid electrode materials (e.g., in Cu®* re-
moval, a 250-fold increase is observed with a 100 ppi RVC electrode as com-
pared to a stainless steel plate). In addition, the normalized space velocity (see
Chapter 2) when using RVC has been shown to be greater than that with other
three-dimensional electrodes.” Once a metal has been plated on RVC it can be
selectively dissolved from it or, alternatively, the carbon substrate may be in-
cinerated to leave the pure metal. The main drawbacks of RVC electrodes in-
clude the following: lower conductivity than other electrodes (e.g., metals, solid
vitreous carbon), possibility of plugging, exchange current densities lower than
with solid glassy carbon, aging effects, fragility, and O, entrapment.

Several reactor types and electrode geometries have been used for metal
ion removal with RVC in divided or undivided cells, including parallel plate,
fixed or moving beds, bipolar trickle tower, CSTR in series, and PFR in series.
An arrangement of electrodes in series permits the analysis of individual seg-
ments for a better understanding of the entire phenomenon. With respect to
the position of the counterelectrode, an upstream arrangement (i.e., the
counterelectrode located in such a way that the fluid is closer to it before it
passes through the porous working electrode) is usually more effective than its
downstream counterpart due to a smaller ohmic potential drop.

Metals that have been removed with RVC include Cu, Cd, Cr, Pb, U, Hg,
Ag, and Zn, with removal yields up to virtually 100% in a single pass in opti-
mum cases.?>* In other cases,® the conversion has been less impressive. Ana-
lytical uses for RVC have been considered in Chapter 4.

Porous Graphite Electrodes. Porous graphite electrodes can be advanta-
geously used for metal ion removal and other processes. For example, the
removal of Eu* ions from a lanthanide mixture can be accomplished by reduc-
ing them to Eu* at a flow-through porous graphite cathode; in the presence of
sulfate ions, Eu?* forms an insoluble sulfate, which can then be easily removed.*
This reaction sequence can be observed in Figure 5.6. Enhancement of electro-
chemical performance can, in some cases, be achieved by anodic oxidation of
these materials under acidic conditions, probably due to the disappearance of
regions containing graphite debris.

Graphite or Carbon Felt, Cloth, or Fiber Electrodes. The properties of graph-
ite or carbon when combined with a three-dimensional flexible structure pro-

vide for a very large area, low-cost, rugged, highly chemically resistant and
versatile material for different electrochemical applications.®”* These materi-
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als have long been known in the fuel cell area. Carbon fiber electrodes** typi-
cally have fiber diameters of 10 um and a surface area of 1000 m?/g. These
electrodes can be used as monopolar or bipolar electrodes. In addition, scale-
up is normally simple. Graphite cloth is available in the range from fine double
weave to coarse weave and graphite felt® as woven or pressed felt. Modifica-
tion of these electrodes by impregnation with a surface active substance (an-
ionic, cationic, non-ionic, or amphoteric surfactants) has proven to facilitate
metal ion deposition and removal. Possible mechanisms include the promo-
tion of gas bubble release from the electrode surface and the attainment of bet-
ter surface contact.®

The efficiency of these electrodes for removal of metal ions has been found
to be a function of several factors.”*¢ For example, at high supporting electro-
lyte concentrations, the potential distribution throughout the pores is uniform
due to the low resistivity of the solution, whereas at low concentrations the
distribution becomes uneven and thus the potential necessary for deposition
may not be available at all sites, and side processes may occur.®® Limiting cur-
rents of carbon felt, flow-through electrodes (in zinc-bromine batteries) are
proportional to the electrolyte velocity to the n power (where 0.61 <7 <0.72).*%
Mathematical models have been developed to account for homogeneous chemi-
cal reactions coupled to the main electrode process in graphite felts and to in-
corporate kinetic data for the evaluation of different reaction conditions.”
Current efficiencies of ~100% have been obtained in removing silver from highly
concentrated solutions in photographic spent fixing baths with graphite felt
electrodes.”” However, typical efficiencies in commercial systems for water
purification purposes are on the order of 20-60%.

In spite of the advantages of bipolar vs. monopolar electrodes mentioned
in Chapter 2, monopolar electrodes perform better for metal ion removal in a
wider range of supporting electrolyte concentrations because of their simpler
potential distribution requirement.”® Felt or cloth electrodes can be stacked to
facilitate the subsequent analysis of the different sections for a better under-
standing or evaluation of specific applications. Alternatively, an electrode car-
tridge can be used and replaced whenever necessary. Highly efficient removal
of metal ions from solutions with high or low metal concentrations can be
achieved (to <1 ppm). The limiting currents attainable are similar to those in a
rotating cylinder system.

As mentioned earlier, the metal deposit can be recovered by several means
including the burning of the carbon substrate, which may also act as a reduc-
ing agent for metal oxides formed after deposition. Graphite felt is a more
efficient choice than graphite granules, graphite cloth, copper screens, or nickel
particles for the removal of Hg? metal ions.”’ A possible explanation is that the
felt shows a lower degree of channeling.*
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Another application of graphite felt or fiber electrodes for the removal of
metal ions consists of the reduction of Cr(VI) to Cr(IIl) ions, which form the
insoluble hydroxide with the OH' ions electrochemically generated and are
then separated from the solution.*? Electrochemical pH control is used here.
Hydroxide particles adhere to the cathode due to a positive zeta potential; elec-
trode regeneration is then achieved by potential inversion which electrochemi-
cally dissolves the hydroxide. Final Cr(VI) concentrations as low as a few ppb
can be obtained.!?

Other metal ions that have been successfully removed from a variety of
effluents include Au, I, Pt, Ag, Pd, Cd, Pb, Ni, and Hg. Drawbacks include the
relatively low current efficiencies sometimes obtained, the high degree of sen-
sitivity to minor limiting current variations at a relatively small Reynolds num-
ber, and the difficulties in reproducing results.”’

Packed Bed Flectrodes. Regularly or irregularly shaped conducting par-
ticles can be put together and act as packed bed anodes or cathodes for electro-
chemical processes.”® Both electrodes in a cell can be packed beds; this has
been termed a double packed bed cell.” Examples of bed packings include graph-
ite and metal powder, rods, flakes, granules, spheres, shot, turnings, wirelets,
Raschig rings, and metal wool. The simplicity of design, high mass-transfer
rates, versatility, and low cost of the conducting particles are key advantages.
Efficiencies and conversions can be high (conversions up to 99.9% in a single
pass are possible) even in low conductivity solutions.*!® Multibed stacks can
be easily arranged. Current collectors can be of many materials and shapes.

These electrodes can be used in the flow-by or flow-through modes (see
Chapter 2). For similar conditions, higher flow rates more frequently are pos-
sible in the flow-by mode than in the flow-through mode. The mass-transfer
coefficient, k , is known to be a function of the Reynolds number.”” For low
metalion concentrations, pulsed current has been shown to increase mass-trans-
fer rates from one to three times under appropriate conditions of frequency
and duty cycle. Similar or better removal ratios can be obtained with pulsed
average currents equivalent to one-half of those required with direct current,
and consequently the energy consumption is much lower. A possible explana-
tion for this behavior is the decrease in the Nernst diffusion layer thickness. In
addition, the hydrogen bubbles produced during the “on” time can be dis-
lodged during the “off” time, thus rendering a higher available surface for depo-
sition.lol,IOZ

To increase the electrochemically accessible specific surface area of granu-
lar electrodes, smaller particles can be used. However, a compromise has to be
made, since ultrafine particles may drastically decrease the permeability of the
fluid. If the bed particles are porous, intraparticle convection must be taken
into account for an accurate description of reactant transport.!®® Another im-
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provement consists of the addition of ionic conducting particles to the afore-
mentioned electronically conducting particles. This mixture is intended to in-
crease porosity and ionic conductivity. One such complex porous electrode
design, consisting of a mixture of granular graphite and ion exchange resin
beads, has been successfully used for the recovery of silver from a silver plat-
ing rinse water.'” Recovery percentages much higher than those obtained with
the electronically conducting particles only (i.e., >90%) were obtained and the
power consumption was small.!%

A popular cell design for the use of packed bed electrodes is the filter press
type. Cylindrical packed bed electrodes have also been analyzed and their
performance shown to be better in some cases than their rectangular counter-
parts.’® Bipolar trickle towers, consisting of a tower packed with physically
and electrically separated layers of conducting particles (which become bipo-
lar), have been used for scavenging Cu, Ni, Zn, Ag, Pb, and Cd ions from dilute
solutions.'®!” A key factor here is the fractional active length; that is, in this case,
the fraction of length of the particle that becomes cathodically polarized. Thus,
each particle becomes a zoned reactor. If very low final concentrations are
desired, these cells can be run in cascade. Simultaneous deposition of metal
ions and anodic destruction of cyanide ions can also be achieved with initial
high current efficiencies (~ 80%) that decrease with decreasing concentration.
Conversions per pass can be as high as 50%; the deposition of the metal ion
continues until the CN- concentration decreases to the stoichiometric ratio of
the least stable complex (see Figure 5.6). A challenge to be faced in the trickle
tower is a possibly substantial variation in the stoichiometry of the involved
reactions as a function of the position in the reactor (since the potential field
may be different at each point). Likewise, the anodic reaction products may
affect the cathodic reaction. For example, the Pb deposition rate in a Cl solu-
tion changes substantially when the pH shifts due to a change in the nature of
the anodic reaction (from the production of OCI to the production of CL).

Yet another innovation uses metal wool as the packing material.!®® Ad-
vantages include comparable performance to the normal particle packed beds,
lower hydraulic pressure and ohmic potential drops, high flexibility, high po-
rosity, low density, and much reduced material amount requirements (on the
order of 10%). Under gas production conditions, metal wools show a lower
pore electrolyte resistance than that in particle packed bed electrodes, due to
the smaller volume void fraction of gas in the wool. In addition, they can be
fabricated in a wide range of specific surface areas. Examples include the use
of Cu and Ag metal wool for the removal and recovery of copper metal ions.

A combined carbon particle packed bed-gas diffusion electrode scheme
has been developed to take advantage of the favorable thermodynamics for
the reduction of chromate ions with hydrogen. ** Both processes occur simul-
taneously, spontaneously, and rapidly (hydrogen oxidation on the gas diffu-
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sion electrode side, chromate reduction on the packed bed side) in this thermo-
dynamically downhill reaction that does not require an external power supply.
Another innovation is the use of hydrodynamic modulation of the electrolyte
flow in a conducting particle bed.!!

An important parameter of packed beds, the bed voidage, can be deter-
mined easily by calculating the weight difference between a known-volume
bed filled with water and that same bed after draining and contacting the par-
ticles with damp clothes.* Mathematical models based on kinetic parameters
have been successfully developed for special flow regimes and different packed
bed geometries."? The drawbacks of packed beds include the possibility of
channeling, the uneven distribution of the electric fields, the need for limiting
currents to achieve large conversions and yields, and the lowering of efficiency
with increasing bed thickness.!®

Metal Screens, Nets, or Grids. Stacked metal screens, nets, or grids may act
as three-dimensional electrodes for various purposes. For example, silver re-
moval from photographic fixing baths with a cell containing stacked stainless
steel grids as electrodes has been achieved, yielding a final silver ion concen-
tration of about 1 ppm. Current responses up to two orders of magnitude
higher than those of flat plates have been observed for stacked nets. The flow-
through configuration can give higher space-time yields than the flow-by con-
figuration under appropiate conditions.!* Some examples of metals and alloys
commercially available in the form of grids include Al, Cu, Ni, Zn, brass, monel,
steel, and stainless steel.

Metal Felts or Foams. Felts and foams made of diverse metals are com-
mercially available {e.g., Ni, Al, Cu, precious metals, alloys).®7%1411¢ Very high
areas (up to some 5,000 cm?/cm? for the case of Ni felt) have been measured by
the BET method, although not the entire area is available for electron transfer;
they are much less brittle than their RVC counterparts and can be easily cut,
shaped, and electrically connected. Interestingly, the tortuosity of these elec-
trodes is fairly constant for different porosities.* They have been successfully
used as replacements for turbulence promoters. The surface imbalance between
a metal foam electrode and a flat plate electrode covered with turbulence pro-
moters as its counterelectrode facilitates a cell design without the need for
membrane separators. In addition, flat plate electrodes can often be simply
replaced by felts or foams to increase reactor compactness.

An elegant way to compare the performance of metal foam electrodes with
other electrodes consists of the analysis of the limiting currents for a mass-
transfer controlled system (e.g., ferricyanide reduction in a basic solution) and
a similar analysis for a kinetically controlled system (e.g., alcohol oxidation,
also in a basic solution)."”’ A problem that needs to be addressed is that these
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materials often trap gas bubbles in their matrix, which lowers the available
area and greatly increases the ohmic drop.

Moving bed three-dimensional electrodes (Figure 5.7) are considered next.
Here, a conducting or non-conducting particulate bed is set into motion by the
passage of a stream of the solution to be treated. The two main types of mov-
ing bed three-dimensional electrodes are the fluidized bed and the circulating
bed electrodes. They have many common features as is discussed next.

Fluidized Bed Electrodes. Well-designed fluidized bed reactors normally
show more uniform potential and current distributions and higher mass trans-
fer coefficients (due in part to the decrease of the diffusion layer) than those
found in static porous beds.!'” They can have several geometries: rectangular,
annular, or cylindrical. Their scale-up by an order of magnitude yields similar
characteristics as long as the characteristic dimension in the direction of cur-
rent flow is not changed (see Chapter 2). In the case of metal deposition, de-
posits are also more uniformly distributed and continuous particle removal is
possible. Due to the instantaneous contact between conducting particles, the
effective conductivity is frequently similar to that of the electrolyte. Particle
chains formed during this process may touch either other chains or else the
feeder electrode closing the electric circuit. Monopolar and bipolar particles
arise from this phenomenon, since some of them will not be electrically con-
nected in the manner described at a given moment. Current efficiencies usu-
ally increase with current density."®

Continuous metal recovery can be achieved by adding small particles at
the top of the bed while removing grown particles at the bottom."® Cylindri-
cal, fluidized bed electrodes with different flow modes and counter electrode
positions have been shown to be more effective in some cases than their rectan-
gular counterparts.’® Other important factors that affect the performance of
fluidized bed electrodes include bed expansion and bed thickness. High cur-
rent efficiencies (80-90%) have been reported in some cases as well as the re-
moval of metal ions down to the sub-ppm level.

Applications of fluidized bed electrodes in metal ion removal include the
removal of cobalt from 200 to 0.2 ppm,* copper from a concentrated copper
nitrate waste stream,"” and cadmium (from a solution containing cadmium
and ferric ions) down to 1-5 ppm.'"? A pilot-plant scale fluidized bed cell has
also been described.'”” The drawbacks of fluidized bed electrodes include the
possibility of formation of inactive zones, preferential growth near the separat-
ing membrane (where the cathodic potential is highest), higher applied volt-
ages required for a given applied current density, current efficiencies usually
decreasing with time; lowering of the intergranular electric conductivity on
fluidization, particle—particle and particle—electrode agglomeration, bipolar par-
ticles possibly offer sites for anodic dissolution of deposited metal, and metal
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Electrolyte in
Clirculating bed electrodes:

Spouted bed Vortex bed Moving bed
1 woll ciophragm woll
2 feeder wall diaobragm
3 wall feeder wall
4 diaphragm wall wall
5 walt wal feeder

FIGURE 5.10. Schematic diagram of three types of circulating bed electrodes. (Adapted from
Scott.'??)

deposition on the feeder electrode. Last, concentrations below 100 ppm are not
efficiently treated.*!!
Areview of fluidized bed electrodes for metal recovery is available."'

Circulating Bed Electrodes. These electrodes differ from the previous ones
in that a circulating bed electrode is employed, although they have many fea-
tures similar to those found in the fluidized electrode systems.

Three common systems that share the same type of circulating particle
motion are the spouted bed electrode (SBE), the vortex bed electrode (VBE),
and the moving bed electrode (MBE).**!24122 Figure 5.10 illustrates the three
configurations. There are two regions inside the electrode: (a) a moving par-
ticle region, where the particles and the liquid stream move in the same direc-
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tion, and (b) a packed bed-like region, where they move in the opposite direc-
tion. Particle vortex motion can be achieved, for example, by introducing the
electrolyte into the bottom of the bed compartment through a slot that has an
upward increasing width.*”

Since electrolyte flow and current path are perpendicular, the flow rate
and reactor size (and thus residence time) can be set independent of the poten-
tial distribution. These cells can contain a wide range of particle sizes and
distributions. One advantage of the SBE system is that it can handle gas bubbles
(which usually produce large ohmic drops) better than many other configura-
tions; in addition, agglomeration is avoided, since there is no grain immobili-
zation on the diaphragm and metal deposition on the current feeder is
avoided.'®

Similar efficiencies for metal ion removal have been reported for these three
types of moving bed electrodes. In optimum cases, current efficiencies of nearly
100% have been obtained. Examples of metal ions removed include Cu, Sn,
Zn, Co, and Mn.

Challenges to be faced include the following. Pressure losses are some-
what higher than those observed in fluidized bed electrodes. A diaphragm is
needed in the VBE and MBE configurations. On scale-up, the VBE has regions
where the bed may agglomerate. The falling phase has essentially zero electro-
chemical activity. Last, part of the electrolyte will not be electrolyzed due to its
function as a particle carrier and thus a single pass will not achieve total metal
ion removal.

Tumbled Bed Electrodes. Commercially available barrel platers can be
loaded with conducting particles (e.g., metal spheres) to effect metal ion re-
moval and obtain smooth, adherent, and uniformly distributed metal deposits
even under unfavorable conditions, such as simultaneous hydrogen evolution.
Tumbled beds offer simple, low maintenance, and reliable means of metal ion
removal and deposition.'?

As indicated at the outset of this section, electrochemical treatment of toxic
metals is a rather mature technology. Further details may be found in the spe-
cialized literature listed at the end of this chapter.

5.4. INDIRECT ELECTROLYSIS OF POLLUTANTS

As illustrated in Figure 5.1, the idea here is to use an electrochemically
generated redox reagent as a chemical reactant (or catalyst) to convert pollut-
ants to less harmful products. The redox reagent acts then as an intermediary
for shuttling electrons between the pollutant substrate and the electrode. These
redox reagents can be electrochemically generated either in a reversible (Fig-



5.4. Indirect Electrolysis of Pollutants 399

ure 5.1b) or irreversible (Figure 5.1c) manner. These two strategies are dis-
cussed in turn next.

5.4.1.  Reversible Processes

The general scheme is

CoC +e (5.16)
C-+R->0+C (5.17)

for the oxidation case and

C+e oC (5.18)
C+0->R+C (5.19)

for the reduction analog.

Indirect electrolytic processes can be viewed as chemical on—off switches,
since they stop when the current supply is discontinued.’”* Among the princi-
pal requirements for obtaining high efficiencies in the indirect electrolytic pro-
cesses are the following'*:

(1) The potential at which the intermediate species, C, is produced must not
be near the potential for O, or H, evolution, since then a large portion of
the current will not be employed in the desired reaction.

(2) The rate of generation of C must be large.

(3) The rate of reaction of C with the pollutant R (or O) must be higher than
the rates of any competing reactions (for example, C*+H,0 — O, + prod-
ucts).

(4) Adsorption of the pollutant (or any other species) must be minimized since
electron exchange of C at the electrode often becomes sluggish as a result.

Table 5.3 contains a listing of the reversible redox reagents that have been
successfully used for pollutant treatment and the corresponding redox poten-
tials. Selected systems are discussed next.

Ag(I)/ Ag(Il). Silver in the +2 oxidation state is a powerful oxidizing agent.
This specie can be produced by the anodic oxidation of Ag(I) ions:

Agt — Ag® + e
In nitric acid, the following (dark brown) complex is formed:

Ag® + NO, — AgNO;’
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Table 5.3. Redox Mediators for the Indirect Electrolysis of Pollutants

Mediator Couple Standard Reduction Potential
V vs. SHE
Agl/ID 1.98
Co(I1/1IT) 1.82
Ce(IV/III) 1.4
Fe(II/11I) 0.77

which then reacts with water or with an oxidizable pollutant (R } as follows:
4AgNO;* + 2HO — 4Ag* + O, + 4HNO,
aAgNO + R + PHO — aAgr + nCO, + a HNO,

At the end of the reaction the dark brown color fades away, signaling the
reduction of Ag(Il) to Ag(I). In this equation, the values of 2 and b depend on
the degree of oxidation of the carbon atoms in R. This process is also known to
destroy organics containing (hetero) atoms other than C, H, and O (for example,
organophosphorous, organosulphur, and chlorinated aliphatic and aromatic
compounds).!?

The corresponding cathodic reaction in HNO, medium is

HNO, + 2H* + 2e¢ - HNO, + HO
In the presence of O,, nitrous acid is oxidized back to nitric acid:

2HNO, + O, - 2HNO,

The net result is then the oxidation of the organic pollutant and/or of water;
Ag* and HNO, are recycled into the system. Aside from a direct attack of
Ag(II), chemical reactions generating highly reactive radicals have been impli-
cated®*!%:

Ag(ll) + HO — Ag(l) + H* + "OH
2Agl) + HO — 2AgI) + O + 2H*

Table 5.4 contains a listing of the pollutants that have been successfully
treated using this redox reagent.'”""** The main challenges for further develop-
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Table 54. Representative Listing of Pollutants Successfully Treated by the Ag(1/1I)

Mediator Approach

Pollutant References
Ethylene glycol 127
Isopropanol 128,129
Acetone 128
Organic acids 130
Benzene 127
Tributyl phosphate/kerosene 126

ment of this process include the following: (a) silver ions are considered as
hazardous waste themselves (provisions should be made for total recycling or
regeneration of the catalyst); (b) chloride ions precipitate Ag* and thus reduce
the overall destruction efficiency; and (c) silver is relatively expensive.

Fe(Il)/Fe(IlI). Relative to the Ag(I/II) couple, the Fe (II/III ) couple has a
much less positive E° (0.77 V), which should substantially lower the electrical
cost that accounts for up to 90% of the total operating cost.!*® Oxidation effi-
ciencies up to 100% have been reported.’” Cellulosic materials, fats, urea, cattle
manure, sewage sludge, meat packing wastes, ethylene glycol (as surrogate
waste), and the like have been treated.!* Furthermore, the reaction rate of Fe
(IIT) with organic compounds has been shown to increase substantially (one
order of magnitude) by the addition of some transition metal ions as co-cata-
lysts to the solution.”®""* This process has been proven to be amenable to scale-
up."** Electrolytic grade H, gas is produced at the cathode with an efficiency of
up to 99%; this can be used in a fuel cell to generate electricity.

Mediated electrochemical oxidation with Fe (III) can also be used to oxi-
dize carbonaceous material (e.g., coal slurry) in acidic media at the anode of an
electrochemical cell to partially oxidized carbonaceous materials (e.g., humic
acid) or else to carbon oxides.'”” The complementary reaction is hydrogen evo-
lution or metal ion deposition.

Differences in solubility and in formation constants of N- and S-containing
organic pollutants (e.g., carbon disulfide, thianaphthene, isoquinoline) in coal
liquids with different oxidation states of a metal in a metal ion complex have
been exploited in a pollutant removal-concentration cycle.”* Here, reversible
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FIGURE 5.11. Electrolytic cycle for the concentration of heteroatom-containing pollutants.

complexation and electrolytic regeneration are utilized for the removal and
concentration of these compounds from a polluted hydrocarbon phase (diluted
organic phase, symbolized as org,d) to a waste hydrocarbon phase (concen-
trated organic phase, symbolized as org,c) as shown in Figure 5.11.1* A Fe(II)L
complex is selected in such a way that its formation constant with a nitrogen or
sulfur containing organic compound (symbolized as R-N,S) is very large,
whereas that for the corresponding Fe(III)L complex with R-N,S is very small.
Here, L = Na*salt of tetra(4-sulfonato-phenyl) porphyrin. The catholyte side
(the number 1 assigned to it} initially contains [Fe(II)L] g1y after equilibration
with the dilute organic phase, it will contain [Fe(I[)L(R-N, +5)] g1y Which is then
pumped to the anolyte compartment (number 2) to be oxidized to [Fe(IIT)L(R-
N,5)],.2r This compound decomposes due to its small equilibrium constant
and allows R-N,S to partition into the concentrated hydrocarbon waste. Fe(III)L
is then reduced to Fe(II)L to reinitiate the cycle.!’*

Electrolytically generated ferrous iron has been used for the chemical re-
duction of toxic hexavalent chromium,'? and the ferric form for the conversion
of gaseous H,S to sulfur and hydrogen."*® This last process is discussed in
more detail later in this chapter (Section 5.6).

The difficulties with Fe(II/III) based processes, are two-fold: low current
densities and relatively high temperatures (~100°C) for efficient operation. The
Mn(II/1II) redox system has been investigated as an alternative in this regard.'*

Co(I1/1II). This redox couple has a high standard potential (E* = 1.82 V),
which makes Co(Ill) a powerful oxidizing agent. CoNO, in HNO, has been
studied for the destruction of different organic substances. However, since
metallic Co can be electrodeposited from Co* at the cathode, a separator be-
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tween electrodes is required.”” This complicates the process somewhat, since
the introduction of a membrane commonly involves a higher voltage drop and
the possibility of leakage, rupture, fouling, or chemical attack. Furthermore,
nitric acid reduction is known to generate some undesirable NO_ at the cath-
ode, although these gases can be treated to prevent their release and produce
useful chemicals (see Section 5.6). An application in the destruction of organic
radioactive waste materials has been successfully tested with cellulose. The
oxidation of one unit of glucose follows!*:

CH, O, + 24 Co(Ill) + 6 H,O — 6CO, + 24 Co(Il) + 24 H*

A process that avoids most of the limitations described previously involves the
use of a CoSO, solution in a sulfuric acid medium; here, the reaction at the
cathode cannot be the reduction of the anion but the reduction of H*, which
impedes the deposition of cobalt."’

This system has been shown to successfully destroy chlorinated (e.g., 1,3-
dichloro-2-propanol) and nonchlorinated organics (e.g., ethylene glycol). In
the first case, conversion (90%) has been obtained {chlorine enters the solution
as Cl), whereas in the second conversion up to 100% can be achieved. This
difference has been explained as due to volatilization from the electrolyte.
Coulombic efficiencies of 43 and 76% were obtained, respectively.’*”'* One
would expect that organic compounds similar to these with lower vapor pres-
sures and equal solubilities should warrant high conversion efficiencies; un-
fortunately, this is not necessarily the case, as demonstrated with trimsol cut-
ting oil (a halogenated organic) that showed a very low conversion yield (20%)
after many hours of reaction.'® The mechanism for the oxidation of ethylene
glycol to CO, probably involves the generation of two molecules of formalde-
hyde and subsequent conversion to formic acid, which is then oxidized to CO,.

The use of metal ion redox couples in conjunction with reagents such as
H,O, (Fenton reagent) will be discussed in a separate section next.

Metal Oxide Electrodes and Soluble Metal Oxide Catalysts. Many metal
oxide {(e.g., SnO,) surfaces are hydroxylated and can undergo the following

surface chemistry on oxidation:
M-OH - M-O" + H* + e
M-O + OH — M-O + "OH
M-O + HO — M-OH + OH-

As will be discussed in Chapter 6, the hydroxyl radicals (OH) are extremely
reactive to organic substrates. The bimolecular rate constants involving these
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species and many organics (especially those containing abstractable hydrogen)
are very high and close to the diffusion controlled reaction limit.

Another advantage with metal oxide electrodes such as SnO, is that they
possess high overvoltage for O, evolution.*”-1% Thus, they are ideally suited
for the anodic treatment of pollutants. For example, when doped SnO, films
(doped for example with Sb) are grown on Ti anodes by the spray hydrolysis
method, electrodes with very high overvoltages for O, evolution are obtained,
which are capable of oxidizing a wide variety of organic substances with aver-
age efficiencies (in terms of EOI) typically several times higher than those with
Pt or platinized Ti anodes.!**'*" In the case of phenol, the EOI value is 0.25 at
SnO, as compared to 0.10 at Pt; the corresponding conversions are 0.90 and
0.40. TOC removal was 90% with SnO, and 38% with Pt. This can be under-
stood since the aliphatic acid intermediates (see earlier) are rapidly oxidized at
the SnO, anode but are essentially inactive at Pt.

An alternative approach involves the activation of the metal oxide surface
for O-transfer reactions with a minimal increase in the net rate of O, evolu-
tion.!**-! In this approach, catalytic sites are implanted in the oxide matrix to
assist the oxidative discharge of water to produce ‘OH radicals and impede
massive production of O, at the surface. Diverse doping agents, both anionic
(e.g., CI) and cationic (e.g., Fe**, Bi**, As**), have been tested with PbO, elec-
trodes for the oxidation of organic and inorganic pollutants with promising
results. For example, electrodes prepared with a coating containing Bi(V) have
been reported to be useful in the oxidation of phenol, cyanide, and ammonia as
well as in the selective oxidation of organic compounds, in the on-site genera-
tion of disinfecting species and strong oxidizers, and in the oxidation and ex-
traction of various minerals from ores.'”?

Many inorganic compounds that are normally insoluble and resistant to
oxidation have been shown to be electrolyzed in aqueous cationic surfactant
systems.” The surfactant solutions apparently stabilize these compounds and
form hydrophobic films on the electrode surface, thus raising the oxidation
potential of water by 0.9-1.7 V. The net result is that higher positive potentials
can be applied without interference from the electrolysis of water. In early
versions of this approach, barium peroxide was utilized for the destruction of
halogenated hydrocarbons.'* The formation of barium superoxide intermedi-
ate was implicated in the reaction where the intermediate displaces the halo-
gen and produces a less toxic product. The barium peroxide can be regener-
ated via the use of an O, cathode.'* In a later version of this overall approach,
copper(Il) oxide and manganese(Il) oxide have been used as catalysts for the
electro-oxidation of organosulfur and halogenated organic compounds.'* The
added oxides form higher-valent derivatives (e.g., copper(Ill) oxide and Mn(I1I)
and Mn(IV) oxides) to mediate the charge transfer between the anode and the
organic substrate.
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5.4.2.  Irreversible Processes

This category of processes relies on the (irreversible) electrolytic genera-
tion of “killer” agents such as H,O,, ozone, hypochlorite, or chlorine, which
can then be used to attack the pollutant. The same approach can also be used
as a disinfection tool, as will be discussed in Chapter 7. Interestingly, reactions
involving species such as Cl, may also have contributed to pollutant destruc-
tion in many of the scenarios discussed previously that purportedly involved
direct charge transfer between the electrode and the substrate.

Electrolytic generation of Cl, has been used for the indirect destruction of
CN- as per the following scheme'”:

2CL - CL + 2e
2HO + 2¢ > H, + 2 OH
Cl, + HO — HCl + HOC1

Thus the overall reaction can be written as
2NaCN + 5HOCI —» 2CO, + N, + HO + 3 HCI + 2Na(Cl

The chloride ions thus produced can be recycled back into the anode chamber
for further production of CL,. In this regard, the overall process is cyclical al-
though the anode reaction is irreversible in an electrochemical sense.

Table 5.5 contains a listing of reagents that can be electrolytically gener-
ated for pollutant destruction, including the hydroxyl radical discussed in a
preceding section. The corresponding standard reduction potentials of these
reagents are also shown. These values are all fairly positive attesting to the
ability of these reagents for oxidizing a wide variety of organic substrates.

An important advantage to the electrolytic generation of these reagents is
that it can be done in situ. Thus, these rather dangerous chemicals need not be
transported over long distances. Further, many of the reagents listed in Table
5.5 (e.g., H,0,) are unstable on long-term storage. Finally, electrolytic genera-
tion of reagents in a pollutant treatment reactor has the virtue of precise pro-
cess controllability (because of its electrical nature), and the extent of reagent
generation can be profitably coupled to the demand imposed by the degree of
pollution of the process stream.

It is thus interesting to note that the electrogeneration of H,O, has wit-
nessed a rebirth thanks to the application of this chemical in environmental
pollution abatement. The original process for the electrosynthesis of H,O,
(which dates back to 1853) was based on the oxidation of sulfate to persulfate
on an anode. Hydrogen peroxide is produced via the subsequent hydrolysis of
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Table 5.5. Reagents That Can Be Electrolytically Generated for the Anodic Treatment
of Pollutants and the Corresponding Standard Potentials

Reagent Standard Reduction Potential
V vs. SHE
Hydroxyl radical 2.80
Atomic oxygen 2.42
Ozone 2.07
Hydrogen peroxide 1.78
Perhydroxyl radical 1.70
Chlorine 1.36

Solution of pH 0 assumed.

the persulfate. This process was developed to the extent that it was the domi-
nant commercial process, in spite of high power consumption. However, vir-
tually all the H,O, produced today uses the anthraquinone process (cyclic hy-
drogen reduction of an anthraquinone and air oxidation of the
anthrahydroquinone), and the last electrochemical plant in the United States
closed several years ago.

The renewed interest in the electrochemical production of H O, canbe traced
to several factors: (a) only dilute solutions are needed and they must be gener-
ated on site (see preceding); and (b) the alkaline cathodic process offers the poten-
tial of significantly reduced power consumption versus the anodic process. This
process, however, generates 1 mole of OH for every mole of hydroperoxide:

O, + 2HO + 2e — HO, + OH E* = -0.065V

Since sodium hydroperoxide is a strong base, the net product is a very highly
alkaline solution of peroxide. Yet, peroxide is least stable in alkaline media,

2HOZ' —>20H + O2

which makes the separation of the two species (HO, and OH) difficult and
economically uncompetitive relative to the anthraquinone process. This is where
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the environmental application niche plays a crucial role. For example, the de-
mand for peroxide as a Cl, substitute in the paper and pulp industry actually
requires alkaline solutions.

The third factor in the rebirth of H,O, electrosynthesis technology is the
availability of new electrode materials (see Section 5.8), where the first 2 e re-
duction step is reasonably facile (leading to the peroxide) but the overpotential
for the further 2 e reduction (to water) is high. Interestingly, this property runs
counter to the requirements of fuel cell technology where electrocatalysts that
assist the direct 4 e reduction of O, are sought.

Nonetheless, the main technical hurdles in H,O, electrosynthesis tech-
nology are the relative slowness of the O, reduction reaction, and the mass-
transport limitations that result from the low solubility of O, in the electro-
lyte solution. The commercialization efforts in this area will be reviewed
later in Chapter 8.

The cathodic generation of H,O, on graphite has been used to study the in
situ oxidative destruction of formaldehyde.’*'* The maximum current effi-
ciency for the cathodic reduction of O, to H,O, was found to be ~93.5%. The
oxidation of formaldehyde by the electrogenerated H,O, was governed prima-
rily by the current density, the solution pH, and the process temperature. Ina
subsequent study,'® the kinetics of this process was studied and found to be
second order in formaldehyde and first order in H,O,, with an activation en-
ergy of 36 k] mol .

A proton exchange membrane (PEM)-based flow electrochemical reactor
has been used for the electrogeneration of HO,.! Commercially available
membrane electrode assemblies, which are used in fuel cells, were utilized for
this study. The same group subsequently has reported!* the simultaneous syn-
thesis of ozone and H,O, within the same reactor. Thus, deionized water was
oxidized to form ozone at the anode while O, was reduced (as earlier) on the
cathode. The authors report that the low current efficiencies (~4.5%) and high
operating potential (4.5 V) for ozone evolution render the economics of this
process currently rather unfavorable. Somewhat higher current efficiencies
(14.6%) have been reported for Fe(Ill)-doped PbO, film electrodes in phosphate
buffer by another group.’®? Interestingly enough, lower current efficiencies were
observed for undoped PbO,. This result was tentatively explained on the basis
of a mechanism involving the transfer of oxygen from hydroxyl radicals
adsorbed on Pb(IV) sites [adjacent to Fe(Ill) sites] to O, adsorbed at the Fe(III)
dopant sites on the PbO, surface.'®

In general, the anodic generation of O, is thermodynamically favored over
ozone generation:

03+6H++6e'<—_>3H20 E°
OZ+4H++4e'<—_>2HZO E°

151V
1.23V
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Strategies for increasing the current efficiency for O, generation include one or
more of the following: (a) choice of anode materials with large overpotential
for the O, evolution reaction; (b) application of a large anodic current density
to achieve a large positive electrode potential; and (c) addition of an adsorbate,
such as F, BF, or PF;, to block the O, evolution mechanism. Thus, efficiencies
as high as 21% for p-PbO, in 2 M HPF, (750 mA cm?),'® 35% for GC in 7.3 M
HBF, (600 mA cm?),'** and 45% for GC in 62 wt.% HBF, (200 mA cm?)%* have
been reported.

Interestingly enough, the electrogeneration of H,O, via the 2 e" reduction
of O, warrants cell and process design considerations that run counter to the
requirements for fuel cell technology. In the latter, 4 e- (deep) reduction of O,
(to H,O) is desired to achieve higher power delivery by the cell. Therefore,
unlike in the O, case, a lower current density is desirable for H O, generation.
Further, rather expensive catalysts such as Pt, which promote the 4 e reduction
pathway, are not required rendering the overall process more attractive from
an economical perspective.

5.4.3.  Fenton Reaction Chemistry

In 1894, Fenton reported that ferrous ion strongly promotes the oxidation
of maleic acid by hydrogen peroxide. Subsequent work has shown that the
combination of H O, and a ferrous salt, “Fenton’s reagent,” is an effective oxi-
dant for a wide variety of organic substrates.’* The Fenton reaction involves
the following sequence of major steps:

Fe** + HO, —» Fe* + OH + ‘OH (5.20)
Fe* + 'OH — Fe* + OH (5.21)
H,O, + 'OH — HO, + HO (5.22)
Fe* + HO,; — Fe’* + HO;, (5.23)

Of these, only Reaction (5.20) is desirable from the point of view of "OH pro-
duction. On the other hand, reactions such as (5.21)-(5.23) are H,O, consum-
ing, and thus a substantial portion of the theoretical oxidation equivalent of
the H,O, is unavailable for oxidation of the organic substrate.'*’

A further difficulty is that Fe** accumulates in the system via Reactions
(5.20), (6.21), and (5.23) and the Fe?* ion catalyst therefore is not efficiently re-
generated. This is also because of the relatively sluggish nature of Fe**-regener-
ating reactions, including

Fe** + HO, - Fe* + HO, + H* (5.24)
Fe** + HO,; == Fe* + H* + O, (5.23a)
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Reactions such as (5.24) also consume H,O,.

Photochemical'®® or electrochemical'® regeneration of Fe** offers a solution
to this problem. Thus, photolysis of iron(IIl) complexes is known to occur via
the following scheme:

Fe(III)L, + light — Fe(Il) + nL

where L is a ligand. Ligands such as citrate and oxalate have been tested.'**!”
Equilibrium speciation computations have shown'® that oxalate is a good choice
as ligand in acidic solutions and that citrate is preferable in neutral aqueous
media. The photochemical approach has been termed the photo-Fenton reac-
tion '

Most of the early investigations on the Fenton reaction were motivated by
possibilities in preparative organic chemistry."™ Application of this reaction to
water treatment is a relatively later development.'” Recent interest has fo-
cused on implications in natural and biological media, since both Fe(II) species
and H,0, are ubiquitously present in these environments. For example, many
human diseases are traceable to radical generation reactions in the tissue, and
so forth. Abundant evidence exists that both Fe(II) and H,O, are formed in
sunlit regions of surface waters as well as in atmospheric water drops. Under
the conditions typical of most natural water, ferric ions exist mostly as hydroxy
complexes and insoluble oxide-hydroxide phases. The photo-Fenton route may
be a major pathway for the generation and subsequent oxidation of Fe(II) and
thus may be an important route for organic oxidations mediated by “OH radi-
cals in the environment.

Instead of ferrous ions, ferric salts have also been used in the dark in con-
junction with H,O, for the oxidation of formaldehyde.'” Awide variety of iron
salts (and even bovine hemin in spite of its low solubility in water) resulted in
formaldehyde oxidation regardless of the iron oxidation state. The term Fenton-
like reaction has been applied in this case,'” and the underlying mechanism is
unclear at the time of this writing. The original Haber-Weiss mechanism (Re-
actions (5.20), (5.21), (5.23), (5.23a), and (5.24)) where iron oscillates between
the ferrous and ferric states, has been challenged.'”

The classical Fenton or the Fenton-like reaction may be a particularly vi-
able alternative to the treatment of polluted soils and subsurface water reser-
voirs, where photochemical or photocatalytic remediation approaches (Chap-
ter 6) are precluded and bioremediation may be prohibitively expensive.

5.4.4.  Approaches Relying on pH Manipulation

In Section 5.3, the pH changes accompanying water electrolysis were shown
to be useful for the electroreduction of Cr(VI) and its subsequent immobiliza-
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tion as Cr(OH),. Further examples include the reduction of water hardness by
shifting the equilibrium to the formation of CO,* ions to promote the coales-
cence and precipitation of CaCO, crystals:

HCO, + OH - CO* + HO
CO> + Ca® — CaCO,

This calcium ion removal can also be enhanced by an applied electrical field,
which provokes the coalescence of colloidal particles.'

The production of H,O" on an anode during the electrolysis of water can be
used to acidify the anolyte, as will be illustrated. This effect has been used, for
example, for the neutralization of alkaline water streams'” and promoting the
controlled coagulation of proteins. Strict control of acidity is required to avoid
protein denaturation.””® To reduce the organic load to the furnace in a Kraft
pulp and paper process, an electrolytic cell can be used to decrease the pH of
the black liquor and precipitate lignin (composed largely of phenolic deriva-
tives), which is then removed before loading the furnace.!”

5.5. ELECTROFLOTATION, ELECTROCOAGULATION, AND ELECTRO-
FLOCCULATION

Electroflotation involves the electrolytic production of gases (e.g., O,, H,)
that can be used to attach pollutants (e.g., fats and oils) to the gas bubbles and
carry them up to the top of the solution where they can be more easily collected
and removed. Electrocoagulation refers here to the electrochemical production
of destabilization agents that bring about charge neutralization for pollutant
removal. Electroflocculation is the electrochemical production of agents that
promote particle bridging or coalescence.

An increase in bubble size has been observed at cathodes with smaller ov-
ervoltages for hydrogen evolution (e.g., Pd, W, Ni) as compared to high over-
voltage materials (e.g., Cu, Sn, Pb). Pulsed electrogeneration of bubbles for
electroflotation yields optimum-sized bubbles that are independent of solu-
tion conditions.!” Highly durable anodes (estimated lifetime, ~5 years) can be
made for O, production for the electroflotation of waste water.'” If hydrogen
gas is produced on the cathode and Fe or Al are used as anodes, the Fe™ or AI**
ions resulting from the oxidation of the anode can react with the OH ions pro-
duced at the cathode and yield insoluble hydroxides that will precipitate,
adsorbing pollutants out of the solution (e.g., toxic metal ions like Cr (VI), or
Hg) and also will contribute to coagulation—flocculation processes, as discussed
later (Figure 5.12)."% Since Fe(III) hydroxide precipitates more easily than Fe(II)
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FIGURE 5.12. Schematic diagram of an electrocoagulation process using soluble anodes. (Adapted
from Vik et al. 1%)

hydroxide, air or oxygen may be injected into the solution to oxidize Fe(Il) to
Fe(IlI) and aid in the flotation process.!® The successful simultaneous removal
of oil and heavy metals'*2 by a combined chemical precipitation (hydroxides,
sulfides)—air flotation process is, in a way, a parallel to its electrochemical coun-
terpart. These electrocoagulation—electroflotation processes can be combined,
for example, with microfiltration, to yield irrigation-quality water; in this case,
removal of 99% turbidity, 77% COD, and 98% suspended solids can be
achieved."® Another successful combined process involves the addition of a
chemical coagulant, Fe (SO,), and application of DC voltage; here, a decrease
in the stabilizing zeta potential enables the Van der Waals attraction forces to
predominate; oil removal up to 96% has been achieved.'%*

In the case of iron or steel anodes, two mechanisms for the production of
the metal hydroxide have been proposed'®'*: In 