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Electrochemical techniques are among the most widely
used current applications in environmental protection
and waste treatment. And their potential is even

brighter. Broadly defined, electrochemistry is the study of
those chemical and physical events that result in the flow of
electrons (electricity), essentially through oxidation and
reduction reactions. Although there is a tremendous interest
in using electrochemistry to develop new and greener ways of
manufacturing and using chemical products (see box, “Elec-
trochemistry and Green Chemistry”), a far broader need is to
address the waste and pollution already produced (and
continuing to be produced) by the “nongreen” processes of
the past and present. 

Not only is electrochemistry a cheap and efficient way of
dealing with some of the most common extant pollutants, it is
also showing itself to be a greener alternative to several other
forms of cleanup now available. The benefits of taking an elec-
trochemical approach to waste removal are many. According to
Krishnan and Ibanez (1997), they include environmental
compatibility, versatility, energy efficiency, safety, selectivity
and amenability to automation, and cost effectiveness.

Perhaps, among these, versatility is the most notable.
Because electrochemistry can generate (whether through
oxidation or reduction) neutral or charged species at will,
whether inorganic or organic, and can deal with solid, liquid,
or gaseous pollutants, it only takes a chemical engineer’s
imagination to develop new methods of use. Waste product
cleanup can occur through direct electrolysis of the pollutants
to nontoxic forms, indirect methods using additional reagents,
or through hybrid electrophysical separation methods such as
flotation or coagulation. The method is also versatile because
“a plethora of reactor and electrode materials, shapes, and
configurations can be utilized” and “volumes of fluid from
microliters to millions of liters can be treated” (Rajeshwar and
Ibanez, 1997). 

Floating, Flocking, and Coagulating
Historically, among the easiest to accomplish and most wide-
ly used forms of electrochemical pollution control are those
involving electrolysis to create physically separable waste
products from contaminated solutions. The three major meth-
ods, all of which have commercial applications, are elec-
troflotation, electrocoagulation, and electroflocculation. Each
is a form of indirect electrolysis, in which the pollutant itself
is not electrolyzed, but is reacted on by other components
from solution.

Electroflotation is a method by which dispersed solids are
removed from aqueous mixtures by the production of hydro-
gen and oxygen gas through electrolysis of water. As the gas
comes up from solution, particles adhere to the outside of the
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bubbles and are buoyed to the surface where they are removed
by a skimmer (see Figure 1). Electroflotation is a common
means of sewage treatment and has also been used by
Raytheon Corp. and the Air Force as part of its wastewater
treatment processes (www.pollutionengineering.com/archives/
2000/pol1001.00/pol1000edit.htm). 

Electrocoagulation was first patented in 1906 by A. E. Diet-
rich as a method to treat bilge water from ships. It involves the
electrochemical production of so-called destabilizing agents
that neutralize the charge of pollutants and enable easy
removal. Typically, contaminated solutions are passed between
metal plates charged with a direct electrical current. Upon elec-
trical discharge from the plates into the solution, ionic and
nonionic contaminants are subjected to a complex mix of
charge, electrolysis products, and the elements making up the
plates. Contaminants tend to react to their most electronic
stable state, usually resulting in precipitation from solution
and clumping together (coagulation) and can be removed by
physical means including settling, centrifugation, or filtration
(www.kaselco.com). For an in-depth comparison between elec-
trocoagulation and other methods of chemical waste cleanup,
visit www.powellwater.com/ec-vs-chemical.htm.

Electroflocculation is defined by Rajeshwar and Ibanez as
the electrochemical production of agents that promote parti-
cle bridging or coalescence. Surface charges of colloidal
suspensions are neutralized, allowing conglomeration of the
materials through van der Waals attractive forces. Filtration of
particles is then possible. Sometimes coagulation–flocculation
promoters such as aluminum chloride are added to the system
to improve efficiency.

Purification of Metals
One of the proposed uses of electrochemistry in metal recov-
ery is to attack one of the most modern and unexpected pollu-
tion problems facing our new technological world—the envi-
ronmental havoc that may soon be caused by the toxic
components of the electronic era as millions of computers and
cell phones finish out their effective lives and travel to the
landfill. For example, the average 15-inch computer monitor
contains more than 1.5 lbs. of lead. The majority of trashed
computers are sent to developing world nations for hand-
reclamation of valuable metals where they pose a major pollu-

tion problem. Researchers such as Derek Fray at the Universi-
ty of Cambridge (UK), are developing electrochemical methods
to recover valuable metals and remove toxic waste from
computer circuit boards. One such method uses a fluoroborate-
based leachant that can remove solder (but not copper) from
circuit-board scrap into solution, from which the lead can be
electrolyzed for recycling. The solder-free (and valuable)
copper is then removed by ammonium sulfate leaching
followed by solvent extraction and electrowinning (a direct
electrolysis process in which metal ions are reduced onto the
cathode as a metal deposit) from which it can be sold direct-
ly to smelters (www.ifi.co.uk/m-63tech.htm). 

Looking at Lanthanides
The lanthanide cerium is currently being tested and marketed
for a wide variety of applications as an electrochemical
philosopher’s stone for turning organic pollutants into gold (or
at least CO2 and water). The Cerium-Mediated Electrochemical
Oxidation process (based on technology developed by the U.S.
Department of Energy Pacific Northwest National Laboratory)
is under evaluation as an alternative to open burning by the
Navy for destruction of its energetic organic waste from
propellants and explosives. 

This process, marketed by CerOx Corp. (www.cerox.com),
which has the exclusive license, uses cerium as a regenerative
catalyst in the protected anodic compartment separated by a
membrane from the cathodic compartment. The oxidized ceri-
um, in turn, oxidizes the organic compounds. Such electro-
chemical oxidation using cerium has also proved capable of
converting several pesticides to CO2 and H2O, as well as being
able to treat laboratory and industrial waste efficiently. The
system has been developed into a modular series of electrode
cell packs that can be stacked in a series like an automobile
battery. Units have been designed to handle from 30 to 4000
gallons of hazardous waste per day. Currently, this electro-
chemical process (in a sense, a “slow burn” under aqueous
conditions) is one of the few alternative technologies serious-
ly advanced to replace incineration.

Acting on Actinides
Dealing with nuclear wastes is one of the most pressing of
modern environmental issues, both in terms of public safety
and political controversy. In the last decade, emphasis has been
growing on the partitioning of radionuclides for recycling as
fresh fuel and for separate treatment as pollutants of varying
degrees of half-life. Since the late 1940s, spent radioactive fuel
has been dissolved in nitric acid. The remaining uranium and
the plutonium solvent has been extracted using what is known
as the PUREX process. A major disadvantage of this aqueous
system is the large amount of secondary liquid waste that it
produces. The alternative, nonaqueous method under investiga-
tion by a number of governments is that of pyroprocessing. This
method is based on the differential oxidation–reduction behav-
ior of the actinide elements in molten salt media. One such elec-
trochemical separation process for use on spent fuel was devel-
oped by Argonne National Laboratory. Uranium fuel is
anodically dissolved as U3+ from a pool of molten cadmium into
a molten salt, and then transported to the cathode and deposit-
ed as metallic uranium. The process has been successfully test-
ed on fuel stored from the Experimental Breeder Reactor. 
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FIGURE 1: A schematic of an electroflotation system.
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Unfortunately, the multimillions of gallons of wastes stored
in underground tanks at the Savannah River and Hanford sites
have high salt concentrations that would make use of pyro-
processing methods very difficult. For these wastes, PUREX
seems to be the only currently usable method. 

Waste Gases
One of the most routine—by now, almost “traditional”—uses
of electrochemistry in pollution control is gas purification at
sewage treatment plants, manufacturing operations, and pump-
ing stations. Such systems, in fact, were first investigated in
the early 1890s and generally require the absorption of the
polluting gas into a liquid phase in order to be effective.

A variety of methods, produced by an even wider variety of
commercial enterprises, are used to scrub toxic or malodorous
contaminants from air such as H2S, NH3, mercaptans, and
amines. A typical system uses an electrochemical cell that
continuously regenerates a solution of hypochlorite from salt.
The hypochlorite is combined with contaminated air in a
packed bed scrubber where chemical oxidation of gaseous
contaminants occurs. Globally, an especially efficient form of
this treatment uses hypochlorite generated from brine or
seawater for sterilizing and deodorizing sewage. Mixing seawa-
ter and sewage in an electrochemical cell triggers the produc-
tion of magnesium ammonium phosphate at the cathode,
while producing hydrogen gas (which then participates in
electroflotation of solids) and hypochlorite at the anode
(which gives the added benefit of sterilizing the solution).

Electroremediation
Some interesting work is being performed in the area of elec-
trokinetic remediation of contaminated soils in situ by the
placement of electrodes in an appropriate pattern. Low-perme-
ability, unsaturated soils can be cleaned using a form of elec-
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Electrochemistry and Green Chemistry

Green chemistry, strictly defined, is the attempt to reduce
or eliminate hazardous materials in the manufacture and
use of chemical products. Electrochemistry shows great
promise in eliminating pollutants at the start. By design-
ing electrochemical methods for product synthesis,
researchers hope to eliminate a wide variety of environ-
mentally unfriendly reagents, including strong acids and
bases. Greatly expanding the use of electrochemically
produced ozone for bleaching paper and water treatment is
one way to eliminate the use of chlorine. 

In addition, many scientists are looking for electro-
chemistry methods for immediate recycling and reuse of
chemical reactants during the manufacturing process, as
well as for transforming otherwise polluting end products
into nontoxic, and, in some cases, saleable forms. One
example of reagent rescue is the recycling of chromium (II),
which is used as a redox reagent for several organic synthe-
sis reactions. Using a direct electrolysis method, chromium
(III) can be transformed at the cathode back to chromium
(II) for use in further reactions, while water is hydrolyzed
at the anode.
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troosmosis, whereby the soil–water solution migrates toward
the cathode. Ionic pollutants, including contaminating metals,
dissolved in the solution collect around the anode where they
localize and can be removed by excavation or by removing the
contaminated fluid reservoir from around the electrode. 

Strangely enough, bioremediation can also be improved
through the use of electrodes. Microbial growth improves with
higher voltages. Lageman et al. (1995) reported a 50% increase
in growth after application of an electric potential (possibly
because of increased hydraulic permeability and increased solu-
bility of soil organic matter). Even microbial species popula-
tions can be shifted by the application of an electrical poten-
tial (an important consideration in establishing added
bioremediation microbes).

The Future of Green “Electrons”
In the eyes of many electrochemistry adherents, the electron
has the benefit of being the simplest and most economical
reagent—as well as the most green. The electron is residue-
free, and its utility in dealing with pollutants is limited prima-
rily only by the imagination of the environmental chemist.
Because the electron is pretty much the basis of all chemistry,
electrochemistry’s potential as an environmental tool seems
infinitely adaptable.

But, electrochemistry is still no environmental panacea.
The setups to deliver electricity in controlled, safe, and effec-
tive units are not trivial. Whether waste floats, coagulates, or

is transformed to its environmentally benign or economically
valuable constituents, it must still be collected and removed.
More significantly, there are problems with the maintenance
and reuse of the necessary electrodes. For example, research is
being done to try to eliminate the problem of anode fouling
that occurs during electrochemical oxidation of chlorinated
phenols (Rodgers et al., 1999). These are major problems of
engineering and design that will become even more complex
as more and more pollutants are addressed by electrochemical
processes. But perhaps, in a world in which many blame tradi-
tional chemistry for the existence of pollution, electrochem-
istry provides perhaps our best hope for dealing with the prob-
lems safely, effectively, and economically. 
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Mark S. Lesney is a senior associate editor of Today’s Chemist
at Work. Send your comments or questions regarding this article to
tcaw@acs.org or to the Editorial Office address on page 6. ◆
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