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Advances in electrochemical methods for pollutant remediation, recycling and sensing are reviewed. 
Additionally, applications of  these methods in the drinking water industry, and for disinfection scenarios 
are discussed. Lastly, new electrode materials for environmental applications are described. In a com- 
panion review, photoelectrochemical methods will be discussed. 

1. Introduction and scope of review 

This review charts recent progress in the development 
of electrochemical methods for treating and, in many 
cases, recycling harmful chemicals. The viability of 
such methods for sterilization, disinfection, 
deodorization and similar microbiological applica- 
tions is also considered. Environmental applications 
of electrochemistry have been the topic of several 
recent books and reviews [1-6]. Specific commercial 
processes and systems are not discussed; the inter- 
ested reader may find such material elsewhere [2, 4, 
6, 7] and in patent literature. Similarly, radioactive 
materials warrant special techniques for their 
handling and disposal, and are not discussed 
here. The literature cited is representative rather 
than comprehensive. Economic aspects, while 
undoubtedly important, are beyond the scope of this 
article. 

A second area where electrochemistry is playing 
an increasingly key role is in sensor technology. 
Electrochemical sensors for environmental appli- 
cations have been reviewed by previous authors 
[8-16]. Accordingly, only selected examples of, and 
approaches to, trace level detection of microorgan- 
isms and air, water, and soil-borne pollutants are 
given below. In both the instances involving treat- 
ment (or recycling) and sensing, we have adopted a 
(generic) concept-driven format for the review; case- 
by-case description of past and present work on the 
myriad of pollutant chemicals and microorganisms 
would have been prohibitive. 

Finally, future opportunities and emerging materials 
in electrochemical environmental science and tech- 
nology are discussed. A companion review [17] will 

treat the applicability of photoelectrochemical 
methods for pollutant sensing and treatment. 

2. Electrochemical remediation and recycling 

2.1. General considerations 

Electrochemical processes offer several promising 
approaches for the prevention and remedy of 
pollution problems. Among the main characteristics 
that are attractive are (i) versatility - direct or 
indirect oxidations and reductions, phase separa- 
tions, concentrations or dilutions, biocide functions, 
can deal with many pollutants: gases, liquids and 
solids, and can treat from microlitres to millions of 
litres, and (ii) Energy efficiency - electrochemical 
processes generally have lower temperature require- 
ments than those of equivalent nonelectrochemical 
counterparts (e.g. thermal incineration). Potentials 
can be controlled and electrodes and cells can be 
designed to minimize power losses due to poor 
current distribution, voltage drops and side 
reactions. 

Other characteristics include (iii) amenability to auto- 
mation - the electrical variables used in electrochemical 
processes (I, E) are particularly suited for facilitating 
data acquisition, process automation and control, (iv) 
environmental compatibility - the main reagent here, 
the electron, is a 'clean reagent' and there often is no 
need for adding extra reagents. In addition, the high 
selectivity of many of these processes can be used to 
prevent the production of unwanted side-products, 
and (v) cost effectiveness - the required equipment 
and operations are generally simple and, if properly 
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Fig. 1. Classification of electrochemical reactors according to electrode 
Electrosynthesis Company Inc., East Amherst, New York.). 

designed, are also inexpensive. Other attributes are 
discussed, for example, in [1-6]. 

'Zero effluent' technology necessitates the design of 
electrolytic cells to yield a high conversion of electro- 
active species. In this respect, it must be borne in mind 
that the pollutant species are seldom ever present in 
concentrations in excess of a few hundred or thou- 
sand parts per million at the upper limit, and thus 
the cell design considerations are very different 
from, for example, a metal electrowinning scenario 
[18]. Figure 1 contains a classification of  electrochemi- 
cal reactor designs [19]. Theoretical treatments are 
available for several of  the electrode geometries 
indicated [2, 7, 20-26]. 

2.2. Direct electrolysis 

Pollutants capable of  undergoing direct electrochemi- 
cal oxidation or reduction at an electrode can, in prin- 
ciple, be transformed and/or removed from water 
streams or reservoirs by the application of appropri- 
ate potentials in electrochemical reactors. Here, oxi- 
dation or reduction processes occur directly on inert 
electrodes without the involvement of  other sub- 
stances (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, 

2HzO ~ 02 + 4H + + 4e- (1) 

2H20 + 2e- , H2 + 2OH-  (2) 

Although these reactions have a deleterious effect on 
the overall process efficiency, schemes have been 
devised to exploit the pH changes associated with 

Moving bed electrodes 

slurries 

inclined beds 

tumbled beds 

rotating particle beds 

Reactions 1 and 2 to bring about useful reaction 
chemistry. A case in point is the electrochemical 
reduction of  the (very toxic) Cr(vi) to Cr(nx) [27, 28]. 
The generation of hydroxyl ions at the cathode 
(Reaction 2) serves to immobilize the electrolytically 
generated Cr(in) as the insoluble hydroxide. Other 
examples are given below. 

2.2.1. Anodic processes. Direct electrolytic oxidation 
has the capability of  degrading many organic and 
inorganic compounds. Representative examples are 
listed in Table 1. 

A good example of a direct process is the oxidation 
of Cr(III) to Cr(vI) [34]. 

2Cr 3+ + 7H20 ~ Cr2 O2- + 14H + + 6e- (3) 

An application of this reaction is the use of  Cr(vI) as a 
regenerable oxidant in pharmaceutical, electronics, 
and aerospace industries. Oxidation of Cr(ni) in the 
spent liquor streams may be carried out in a flow 
cell containing Nation ® as a separator membrane. 
Antimony-doped lead oxide or stainless steel anodes 
have been used although, for the more aggressive 
fluoride-containing etch media, PbO2-modified cer- 
amic electrodes based on Ebonex ® (see below) are 
suitable. The Nation ® serves the important function 
of partitioning cationic impurities in the spent liquor 
(e.g. A13+, Cu 2+) into the cathode compartment 
wherein they may be reduced to the metal to regener- 
ate value-added byproducts. The result is a cleaner 
etch solution which may be recycled back into the 
process. A recent paper [35] describes the innovative 
use of a Cr(vi)-strip phase containing Aliquat 336 
which is immobilized in a solvent loaded polypropy- 
lene membrane. This facilitates the partitioning of  

geometry and configuration. (Reprinted with permission from The 
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Table 1. Some examples of  direct anodic processes 

Pollutant Product Remarks Ref  

Cyanide NH~-, CO 2- or Product dependent on pH [29] 
CO2 and N2 

Cyanate [30, 31] Product much less harmful. Current 
efficiencies for conversion up to 
100% for cyanide concentration in the 
0.25-1.00 M range. 

Dyestuffs Colourless substances Process used in conjunction with [32] 
activated carbon. Decolorization 
of ~ 99.9%. 

Aniline dyes Colourless substances Up to 97.5% conversion of which [33] 
72.5% comprises CO 2. Current 
efficiency ranges from 15 % to 40%. 

Cr(nI) Cr0v ) Product more toxic although it is [34] 
regenerated in a closed loop. 

the electrogenerated Cr(vi) into the supported liquid 
membrane phase. 

The ease of electrochemical oxidation of the 
organic species can be estimated by using the 
so-called electrochemical oxidability index (EOI), 
which gives an idea of the average current efficiency 
achieved during the process [36-39]. The larger 
this value, the more easily the species can be oxi- 
dized. Furthermore, 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 oxygen 
per gram of the organic species, an electrochemical 
oxygen demand (EOD) has been defined as follows 
[36-38]: 

EOD = WoJWorg = (It/4F)(EOI)(32)/Worg (4) 

where I is the electrolytic current, t is the time of elec- 
trolysis at which the (instantaneous) current efficiency 

Table 2. Some examples of  the direct cathodic processes 

is practically zero, Worg is the weight of organic species 
present and F is the Faraday constant. 

2.2.2. Cathodic processes. The removal of toxic metal 
ions from water streams or reservoirs constitutes an 
important example of this category. The literature is 
extensive [24-26, 40-47]. Metal ion concentrations, 
[Mn+], in effluents from chemical process industries 
can be as high as 10Sppm, whereas maximum 
permissible concentrations are typically in the range 
between 0.05 and 5 ppm. Electrochemical methods 
are most commonly used for reducing the metal ion 
to its elemental state, usually as a strippable and 
recoverable deposit [43]. As [M n+] gets smaller 
during this process, mass transport enhancement to 
the electrode becomes increasingly important. If 
[M n+] is relatively high, say of the order of 100 ppm, 
this effect can be achieved by the use of two- 
dimensional cells (e.g. enhanced flow plate cells or 

Electrode configuration* Metal ions Remarks Ref  

(a) Porous 
Porous RVC CU(II) 

Graphite felt Hg(n), Cr(v 0 
Packed metal (Cu, Ag) wool Cu(n) 
Galvanized steel screens Pb(n) 

(b) Packed bed electrodes 
Graphite grains Cu(u), Zn(ii), AgO) 
Graphite felt and pulverized graphite Cu(n) 

Raschig rings, perforated plates etc. CU(II) etc. 

(c) Rotating cylinder electrode Cu(n) etc. 

(d) Moving bed electrode Cu(n) etc. 

(e) Fluidized bed electrode Cu(n) 

Enhancement of current 
density of 100 250 fold 
compared to flat-plate. 
Charge efficiency of ~ 92% 

Level reduction to ~ 2.5 ppm 

m 

Chelating agents simultaneously treated 
at the anode. 
Simultaneous destruction of cyanide 
achieved under certain conditions. 

For Cu(n) 100 ~ 10ppm with 
72% current efficiency. 

1000 ~ 10-20ppm with current 
efficiency up to ~ 85%. 

Typical conversion from 
350 ~ 20 ppm. 

[40, 41, 49] 

[5o-521 
[44] 
[53] 

[43] 
[54] 

[42] 

[19] 

[46] 

[55] 

* See Fig. 1. 
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Table 3. Some examples of indirect electrolytic processes 

Reversible couple Pollutants Remarks Ref 

Fe(n/m) Carbonaceous waste Reactor operated at 120-150 °C [2] 
Cr(vi) Reduction to Cr0n). Direct reduction [59] 

kinetically sluggish. 
Cr(v~) Milder operating conditions than for [2] 

the Fe0I/nI) case. 
Organics More than 98% conversion of organic [60, 61] 

carbon to CO2 claimed. 
Cyanide A bipolar trickle-tower reactor used. The [62] 

mediated oxidation was faster than direct 
oxidation (cf. Table 1). 

Mn0I/HI) 

Ag(I/II) 

C1-/C10- 

rotating cylinder cells), whereas if [M "+] is below say 
1 ppm, three-dimensional electrodes are more 
appropriate (cf. Fig. 1). A review of electrochemical 
reactor systems for the recovery of metals and 
for pollution control applications, including a com- 
parative economic analysis is available [25]. 

Chlorinated organic compounds comprise another 
important category of pollutants that are amenable 
to cathodic reduction. These compounds can be 
reduced in acidic [30] or basic [48] solutions by a 
replacement mechanism to yield the (less toxic) 
aromatic parent compounds plus chloride ions. 
Some examples of cathodic processes are contained 
in Table 2. 

2.3. Indirect electrolysis 

The idea here is to use an electrochemically generated 
redox reagent as a chemical reactant (or catalyst) to 
convert pollutants to less harmful products. The 
redox reagent acts then as an intermediary for shutt- 
ling electrons between the pollutant substrate and 
the electrode [56]. Indirect electrolytic processes can 
be viewed as chemical on/off switches [57] since they 
stop when the current supply is discontinued. Among 
the principal requirements for obtaining high efficien- 
cies in the indirect electrolytic processes are: (i) the 
potential at which the intermediate species is pro- 
duced must not be near the potential for oxygen or 
hydrogen production, (ii) the rate of generation of 
the intermediate species must be large, (iii) the rate 
of reaction of the intermediate species with the pol- 
lutant must be higher than the rates of any competing 
reactions, and (iv) adsorption of the pollutant 
(or any other species) must be minimized [58]. 

2.3.1. Reversible processes. Here, the redox reagent 
can be electrochemically regenerated and recycled 
into the process. Table 3 provides representative 
examples. 

The use of solution redox couples implies in some 
cases the need for a solution-solution separation 
step which may be undesirable. An alternative 
approach consists of the use of insoluble inorganic 
catalysts (BaO2, MnO, CuO, NiO) capable of being 
suspended in the solution and of being oxidized to 
valence states that will in turn oxidize undesired 
pollutants [63, 64]. This approach requires a simple 

separation step. To avoid the need for separation, 
the redox couple (e.g. SnO2, CrO3, Sb203) can be 
immobilized on an electrode surface [30, 65, 66]. 

Many anodic O-transfer processes (such as those 
involved in the oxidative degradation of chemical 
wastes) occur with considerable overvoltage in the 
potential region for anodic discharge of H20 leading 
to the production of oxygen gas. A strategy has 
been developed for the modification of metal oxide 
[e.g. Bi(v) doped-PbO2] electrodes for maximizing 
the rate of O-transfer without excessive evolution of 
oxygen [67, 68]. 

2.3.2. Irreversible processes. The examples discussed 
above are catalytic in that these (reversible) redox 
reagents are turned several times over. However, 
indirect electrolysis can also be employed in elec- 
trochemically irreversible situations involving the 
generation of potent oxidizing species such as 
chlorine, hypochlorite, peroxide and ozone. The 
production and use of these species for the elec- 
trochemical disinfection of water will be discussed in 
a later section. 
(a) Electrochemical production of short-lived intermedi- 
ates. Short-lived intermediates that have been reported 
to be present in the electrochemical destruction of pol- 
lutants include esolv, OH', O2 and HO~ [30, 56, 60, 69]. 
The production of intermediates can be crucial to the 
mechanism involved in a given reaction in such a way 
that undesirable byproducts can be eliminated [30]. 

The electrochemical oxidation of phenol to CO2 for 
waste water treatment at SnO2 anodes involves the 
production of the highly oxidizing OH' radicals [35]. 
These radicals are known to be produced in the reduc- 
tion of hydrogen peroxide with ferrous ion: 

F e  z+ + H 2 0  2 = OH- + OH" + F e  3+ (5) 

and can also be produced electrochemically in an 
indirect form by reducing oxygen (which produces 
H 2 0 2 )  and simultaneously reducing the Fe 3+ pro- 
duced in the reaction just described [70]. These rad- 
icals are also used for the oxidation of other 
substituted benzene derivatives [69, 70], formaldehyde 
[71] and for the electrochemical oxidation of CN to 
C N O -  in alkaline solutions [72]: Photoelectrochemi- 
cal methods for generating OH" radicals are dis- 
cussed in the companion article [17]. 
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(b) Electrochemical incineration of wastes. Waste bio- 
mass has been electrolyzed indirectly in sulfuric acid 
and urine electrolytes, yielding results of up to 95% 
reduction in the concentration of organic carbon 
[73, 74] without producing CO, NO, NO2, CH4 nor 
NH3. The mechanism in the urine electrolyte involves 
oxidation of the organic matter through the anodic 
generation of C10- from the C1- content of the urine. 
(c) pH manipulation. The production of H + at an 
anode during the electrolysis of water can be used to 
acidify the anolyte. This effect has been used for exam- 
ple for promoting the controlled coagulation of pro- 
teins. Here strict control of acidity is required to 
avoid protein denaturation [75] and for the neutraliza- 
tion of alkaline water streams [76]. Likewise, the pro- 
duction of OH- at a cathode has been used, for 
example, to precipitate metal hydroxides as men- 
tioned above, as well as to shift the equilibrium 
towards the formation of CO 2- ions in hard waters 
in order to promote the coalescence and precipitation 
of CaCO3 crystals [77]. 
(d) Eleetroflotation-electroeoagulation. Gases (e.g. 
O2, H2) produced during the electrolysis of aqueous 
solutions can be used to attach pollutants (e.g. fats 
and oils) to the gas bubbles and carry them out to 
the top of the solution where they can be more easily 
collected and removed. Pulsed electrogeneration of 
bubbles for electroflotation yields optimum-sized 
bubbles that are independent of solution conditions 
[78]. If hydrogen gas is produced at the cathode and 
Fe or A1 are used as anodes [79], the Fe ~+ or A13+ 
ions resulting from the oxidation of the anode can 
react with the OH- ions produced at the cathode 
and yield insoluble hydroxides that will precipitate 
adsorbing pollutants (e.g. Cr(vI) [79]) out of the solu- 
tion and also will contribute to coagulation [80]. The 
solid sludge thus produced has been reported to be 
more compact than those obtained by chemical 
methods [79]. In addition, the presence of Fe 2+ ions, 
for example in water/oil emulsions, promotes the 
coalescence-ttocculation of colloidal particles due to 
the neutralization of the negative charge responsible 
for the repulsion between colloidal particles; this 
effect facilitates the breaking up of the emulsion. 
The electric field also facilitates the movement of the 
charged colloidal particles in the solution, increasing 
the probabilities for collisions [79]. Yields of up to 
99% removal of suspended matter, 99% reduction 
of chemical oxygen demand (COD), 91% reduction 
of biological oxygen demand (BOD), 100% removal 
of PO 3- and 100% decoloration using electrocoagula- 
tion and electroflotation to treat waste waters of 
various industrial processes have been reported [79]. 
To decrease costs, iron scrap can be used as the 
anode. Electrocoagulation has also been used to 
achieve essentially complete (98-100%) removal of 
dye stuffs [81]. 

2.4. Membrane-based approaches 

Membrane-based technologies have achieved corn- 

mercial success in recent years especially in the separa- 
tion of gaseous and liquid mixtures and purification of 
chemical and biological mixtures [82, 83]. Even with 
these commercial successes and the maturity of the 
technology, there are still many unresolved issues 
and significant opportunities remain for advance- 
ments in the development of new membranes and 
membrane process systems [82-85]. The sales of mem- 
brane technology for separation and filtration appli- 
cations currently exceed $1B worldwide [84]. A 
study was recently published by the US Department 
of Energy (DOE) in which the ten highest ranked 
priority areas in membrane technology were given 
[85]. The basic interest of DoE in the use of mem- 
branes is to foster more energy-efficient technology. 
Two review articles discuss the current status of mem- 
brane technology and emphasize the enormous pros- 
pects for combining membrane science with 
electrochemistry [82, 83]. 

A major electrochemical, membrane-based separa- 
tion process in commercial use today is electrodialy- 
sis. Electrodialysis involves the separation and 
concentration of electrolytes based on electromigra- 
tion through ion exchange membranes. An array of 
alternating anion and cation exchange membranes is 
positioned between two electrodes separated by insu- 
lating screens. The alternating arrangement of the 
membranes allows ions to be passed by one mem- 
brane and blocked by the next. Solutions from the 
alternating compartments are collected and trans- 
ported out of the membrane stack. Cellulose acetate 
is one of the more commonly used membranes along 
with Nafion ® - a perfluorosulfonate polymer, polya- 
crylonitrile, and polysulfone. Electrodialysis is best 
known for its use for the desalination of brackish 
water. This separation results in two useful byprod- 
ucts: potable water and natural salt deposits such as 
NaC1 (table salt). Electrodialysis is also particularly 
useful for (i) removing ionized solutes from one sol- 
ution and concentrating them in another and 
(ii) removing electrolytes from nonelectrolytes 
(e.g. organic process streams and mixed waste). The 
driving force for the latter process is migration of 
the charged electrolytes from the non-charged 
species. The fractionation, concentration and desalt- 
ing of effluents from metal finishing processes repre- 
sents an example of a technology which could 
benefit enormously from the congruence of mem- 
brane science and electrochemistry. 

The use of ion-exchange and permselective mem- 
branes in separations and chemical processing is a 
rapidly growing field [82, 831. Recent years have wit- 
nessed the development of ion exchange membranes 
with increased selectivity and chemical stability, and 
decreased mass transport resistance. Ion-selective 
membranes such as Nation ®, Flemion ® and the 
Dow membranes are all perfluorinated polymers 
which were developed originally for the chlor-alkali 
industry. The development of these highly perme- 
able, ion-selective membranes has revolutionized elec- 
trochemical processing technologies such as the 
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production of caustic soda and chlorine via salt elec- 
trolysis [2, 7]. A major use for ion exchange mem- 
branes is in water softening. The ion exchange 
process is accomplished by passing water, succes- 
sively, over a series of ion exchangers which replace 
the anions and cations in solution with hydrogen 
and hydroxide ions. The net result is that each equiva- 
lent of salt is replaced in solution with an equivalent of 
water. Deionization by this method generally pro- 
duces water of very high quality. Certain organic com- 
pounds foul the ion exchangers and microbial growth 
also can reduce the efficiency of the process [2, 7]. 

The properties and uses of Nation ® have been 
reviewed [86]. These membranes must remain 
hydrated in order to retain their conductivity. Conse- 
quently, water and reactant mass transport through 
these membranes is an active area of research. Thus, 
the transport number of water in Nation ® mem- 
branes has been experimentally determined [87]. 
Hydrogen diffusion, hydrogen solubility and water 
uptake in Dow perfluorocarbon membranes have 
been measured [88]. The effect of temperature on the 
equilibrium and transport properties of water in 
Nation ® membranes has been studied [89-91]. Ion- 
transport in Nation ® and similar ionomers has also 
been intensively studied [92-97]. Luminescence spec- 
troscopy has been useful for elucidating the structure 
of Nation ® and similar membranes [98-102]. These 
membranes can be pictured as having chemically 
stable fluorocarbon backbones organized so that the 
hydrophilic groups can aggregate together forming 
hydrated channels which the ions can migrate 
[103, 1041. 

The vast majority of examples of the use of 
Nation ® and other membranes in metal ion removal 
are found in the patent literature. 

2.5. Electroremediation of soils 

Electric fields have been used for the decontamination 
of soils containing unwanted organic or inorganic 
substances. Here, suitable anodes and cathodes are 
strategically placed in the ground and an electric field 
from a DC source is applied [105-107]. An electro- 
osmotic effect produces a transport of the liquid 
phase pollutants across charged substrate pores or 
channels to wells, where they are collected and 
removed. This in situ transport promotes a high 
degree of flow direction control. In addition, an acid 
front is generally produced at the anode during the 
electrolysis of water and moves towards the cathode. 
This front can be used to inject acidity to soils, solu- 
bilize basic metal hydroxides, carbonates or adsorbed 
species, and protonate electron-rich organic func- 
tional groups in order to give molecules a more 
cationic character and promote their migration 
across the electric field thus facilitating their 
removal. Some of the aspects that will have to be 
addressed to make optimum use of this approach 
include: the complexity of the media, surface interac- 
tions, chemical and electrodic reactions and low solu- 

bilities of the target substances. The field of soil 
decontamination using electrokinetic processing has 
been recently reviewed [106, 107]. 

2.6. Electrochemical conversion of gasous pollutants 

The increase in the CO 2 content of the atmosphere is a 
major factor in the 'greenhouse effect'. This problem 
coupled with the attractive possibility of converting 
a plentiful chemical to energy-rich products has 
prompted a number of investigations on the electro- 
chemical reduction of COz. The advances in this 
area have been reviewed [108, 109]; therefore, only a 
brief discussion is given below. 

Reduction in aqeous media suffers from problems 
due to the interference from proton reduction. Thus 
the best electrode materials are those with high hydro- 
gen overpotential (e.g. Pb, Sn, In) [110, 111]. The main 
reduction product in aqueous solutions is formic acid 
or the formate ion, although faradaic efficiencies close 
to 100% have been reported also for methanol forma- 
tion [110]. There are even reports of COz reduction 
leading to methane as the product [112, 113]. The 
mechanistic and kinetics aspects of the electro- 
reduction of COz in aqueous solutions have been 
discussed for a wide variety of metals [114, 115]. 
These authors have also considered the effects of 
different factors such as COz partial pressure, 
solution pH and buffer composition, electrode poten- 
tial and solution hydrodynamics. Electrode materials 
other than metals have been used including TiOz/ 
RuO z and other oxides [116, 117]. In many cases, 
metal complexes are used as electrocatalysts and 
candidates in aqueous media include nickel cyc- 
lam (cyclam = 1,4,8,11-tetraazacyclotetradecane) and 
metallated porphyrins or phthalocyanines [118-121]. 
Catalysts such as [Co(terpy)2] 2+ (terpy = 2, 2' : 6', 2"- 
terpyridine) have also been immobilized in polymer 
coatings (e.g. Nation ®) on a support electrode 
[e.g. glassy carbon (GC)] surface [122]. 

A second electrochemical route to CO2 reduction 
revolves around the use of nonaqueous solvents 
(e.g. CH3CN, acetonitrile, dimethylsulfoxide). The 
first step in these cases has been determined to be 
the formation of the anion radical (CO2) [123]. The 
major product on a preparative scale is the oxalate 
dianion although CO, CO 2-, (COO) z- and HCOO- 
may all be formed from CO2 in follow-up reactions 
[109]. 

A third alternative route is the electrochemical fixa- 
tion of CO2 in organic compounds. Thus the electro- 
lysis of 1,4-benzoquinone in the presence of CO2 
yields 2,5-dihydrobenzoic acid [124]. More recently, 
COz has been fixed in oxoglutaric acid using an 
enzyme (isocitrate dehydrogenase) which is recycled 
using methyl viologen as a mediator [125]. Current 
efficiencies close to 100% were reported by these 
authors. 

Photoelectrochemical and photocatalytic methods 
for the reduction of COz are reviewed in the com- 
panion article [17]. The electrooxidation of CO on 
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noble metals has been the topic of a recent review 
[126]. Much of the work cited therein has been 
motivated by applicability to fuel cells, rather than 
for environmental reasons. 

Gases such as SOx and NOx are generally trans- 
ferred by absorption or reaction to aqueous solutions 
prior to electrochemical oxidation or reduction. This 
conversion can be effected in two modes: (a) the gas 
is directly absorbed in an electrochemical cell for 
treatment (inner-cell process), or (b) the gas is 
absorbed in a separate reservoir and then transferred 
to the electrochemical cell (outer-cell process) [127]. In 
many cases, useful products may be generated as 
exemplified by the electrolytic production of sodium 
hydrosulfite (an important commodity chemical in 
the paper and textile industries): 

4NaOH + 4SO 2 + 4e- > 2Na2S204 

+2H20 + 0 2 (6) 

Three-dimensional electrode structures (cf. Fig. 1) 
provide large surface areas for gas adsorption. For 
example, a packed bed of graphite spheres has been 
used for the electrochemical reduction of chlorine 
gas and for the oxidation of SOz [127]. Porous carbon 
electrodes have been used for the electrolysis of 
HzS [80]. Molten salt electrolytes (e.g. molten 
sulfides) have been employed for similar applications 
[128, 129]. Electrode technology borrowed from 
deve!opments in the fuel cell field has been used for 
the treatment of NOx [130, 131]. 

3. Electrochemical disinfection of water 

Disinfection and odour removal are important prob- 
lems that impact on the quality of our everyday life 
in a technology-intensive world. The new regulations 
likely to be promulgated by the US Environmental 
Protection Agency and the amendments to the Safe 
Drinking Water Act (1986) will necessitate the evalua- 
tion of new technologies for the disinfection and treat- 
ment of water in the United States. A similar scenario 
may be envisioned in other countries. Specifically, the 
use of free chlorine as a disinfectant will have to be 
limited to high-quality ground water in order to 
meet the disinfection byproduct (DBP) regulations 
[132]. Chlorination of ground waters high in total 
organic carbon would produce unacceptable levels 
of trihalomethanes and other (carcinogenic) DBPs. 
Some alternative technologies to chlorination include 
the use of chlorine dioxide, ozone, u.v. radiation and 
advanced filtration processes. 

Electrochemical methods for generating dis- 
infection chemicals in-situ have been described by a 
number of authors [133-140]. The approaches based 
on the generation of species such as chlorine and 
ozone suffer from several drawbacks. First, they are 
rather energy-intensive. Second, it is not clear to 
what extent these alternative approaches are immune 
from the drawbacks associated with DNPs. Bacteri- 
cidal agents such as H202 clearly are attractive in 
this regard and they can be electrolytically generated 

under rather mild conditions. Thus a recent report 
has described the electrochemical deactivation of 
marine bacteria (Vibrio anguillarum) using in situ elec- 
trochemical generation of H202 [141]. 

A variety of other microorganisms varying in size 
from viruses through bacteria and algae to relatively 
large species such as Euglena appear to have been suc- 
cessfully deactivated by electrochemical methods 
[136]. The types of electrodes used have ranged from 
graphite or graphite fibres [136, 142], metals includ- 
ing titanium [134, 137] and stainless-steel [134] to 
materials such as porous carbon [143, 144], carbon 
cloth [143] and SnO2 [141]. 

Contrasting with the approach based on the in situ 
electrochemical generation of lethal species is the one 
based on the electrosorption of microorganisms 
[134, 144], and the direct anodic oxidation of intra- 
cellular components such as coenzyme A [143, 144]. 
The applicability of these alternative electrochemical 
approaches to nonbacterial pathogens (e.g. viruses, 
protozoan cysts), however, remains to be established. 

4. Electrochemical sensing of pollutants 

Electrochemical methods for sensing pollutants 
may be categorized as (i) potentiometric, (ii) 
amperometric/coulometric, (iii) voltammetric (incor- 
porating preconcentration and stripping steps), and 
(iv) conductometric. Each of these approaches is dis- 
cussed below. A further point of distinction pertains 
to whether the pollutant is gaseous (e.g. ozone, H2S, 
CO, 02, NOx, SOx) or whether it is confined to the 
solution phase. However, in many instances, it is 
beneficial to bring out a phase change or a phase 
transfer prior to detection. A case in point is a moist- 
ure detection scheme wherein the water molecules are 
electrothermally vaporized prior to the (ampero- 
metric) detection stage [145]. Electrochemical detec- 
tors are also often a component of a larger 
(chromatographic) system having the important func- 
tion of separating the constituents of a complex mix- 
ture. Two such classes of 'composite instrumental 
systems', namely capillary electrophoresis and ion 
chromatography, have made spectacular advances in 
recent years. These are only peripherally addressed 
in this review, although their importance to environ- 
mental sensing applications cannot be overempha- 
sized. While ion selective electrode (ISE) poten- 
tiometry and conductometry are briefly discussed 
below, dynamic electroanalytical measurements, such 
as categories (ii) and (iii) above, fall more directly 
within the purview of this article. 

4.1. Potentiometric sensors 

The field of ISEs has grown voluminously over 
the past few years and the number of studies 
recently published are too numerous to cite here.A 
comprehensive review of this field is available [10]. 
Well-known strategies for the determination of 
hydrogen ion (pH), fluoride, cyanide, ammonia, 
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Table 4. Representative examples of studies of potentiometric ion sensors based on chemically-modified electrode surfaces 

Membrane~coating Analyte ion(s) Ref 

Graphite modified with poly(pyrenamine) 
Metal (lr, Pb, Pd) oxides 
Polyaniline or polyphenol 
Poly(vinyl chloride) (PVC) modified with a 
calixarene ionophore and a polypyrrole 
solid contact 
PVC modified for improved adhesion 
PVC modified with Sn(Iv) and Mn(ItI) 
porphyrins 
Glassy carbon modified with electro-polymerized 
CO(III) porphyrin 

H + [146] 
H + [147] 
H + [148] 
Na + [149] 

NH +, K + [150] 
C102, IO2, SCN-, I- etc. [151] 

SCN-, C104, I-,  NO~- etc. [152] 

magnesium, calcium, etc. exist using ISEs. These elec- 
trodes also now possess many applications in water 
and environmental analysis. The selective and sensi- 
tive potentiometric determination of an ion of inter- 
est depends on the measurement of a potential 
difference established across a membrane between 
the solution of interest and a reference solution. Ulti- 
mately, the utility of an electrode depends on the 
properties of the membrane used. The membrane- 
electrode should equilibrate rapidly, should change 
only in response to an ion of interest and should pre- 
ferably 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. Understanding transport phenomena in 
polymer/membrane systems remains an area of active 
research [82, 83]. Several types of membranes are used 
to fabricate ISEs, including (i) glasses, (ii) solid-state 
membranes, (iii) heterogeneous membranes, and (iv) 
liquid membranes. Potentiometric sensors can be cat- 
egorized into those utilizing an internal reference solu- 
tion and solid-state sensors [16] requiring no internal 
solution. 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 [16]. 

The selectivity of glass membranes made of 
NazO-A1203-SiO2 mixtures depends on the compo- 
sition of the glass and they are used for the deter- 
mination of hydrogen ion (pH). Some compositions 
are more selective to the alkali metal ions than 
towards hydrogen ion and vice versa. At low pH the 
electrodes are primarily sensitive to only hydrogen 
ion while at higher pH values responses of the alkali 
metal ions, sodium, lithium and potassium become 
more influential. The most advanced solid-state mem- 
brane perhaps is the lanthanum fluoride crystal doped 
with EuF2 for the determination of fluoride. These 
electrodes exhibit a stable and reproducible response 
selective for fluoride provided the solution pH 
remains neutral or lower. Heterogeneous membranes 
are formed by incorporating an active component 
within the pores of an inert high surface area support 
such as silicone rubber. Liquid membrane electrodes 
involve the incorporation of large, charged organic 
molecules capable of a specific interaction with a 

cation or anion in solution. The active organic mol- 
ecule is adsorbed into a porous inert support. Some 
of the organic molecules used include transition 
metal complexes and neutral macrocycle crown 
ethers. The deployment of novel organic molecules 
in these types of ISEs is currently a highly active 
area of research. A list of the commercially available 
ISEs along with the in useful concentration range 
and the primary interferences is given by Pletcher 
and Walsh [7]. 

Two areas not covered in this review are organic 
ISEs and solid-state ion selective field effect transis- 
tors (ISFETS). The reader is referred to the aforemen- 
tioned reviews for further information on these topics 
[10, 16]. 

Table 4 contains some examples of potentiometric 
sensors for cations and anions. This tabulation also 
illustrates the virtues of chemical modification 
schemes for rendering ion selectivity to the parent 
electrode surface. 

There has been an intensive effort in recent years to 
develop gas sensors given the recent concern over 
environmental pollution. Nation ® and poly(ethylene 
oxide) are commonly used as gas permeable mem- 
branes which 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 insures 
fast equilibration times. The development of novel 
organic molecules for use in membranes coated on 
quartz crystals for piezoelectric monitoring of 
vapours and in ISE membranes, has been reviewed 
[153]. 

The preceding discussion hopefully shows that in 
addition to the important role that membranes play 
in pollutant remediation (separation) strategies, they 
are also exceedingly versatile for sensing applications. 

An important class of potentiometric gas sensors 
involves solid electrolytes such as fast or superior 
conductors (e.g. NASICON). The selectivity in these 
all-solid-state devices is built-in using a suitable 
sensing layer comprised of, for example, carbonates 
(for CO2) , sulfates (for SOx), nitrates (for NOx) and 
oxides (for 02). Problems with suitable reference 
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electrodes in these systems have been recognized and 
discussed [154]. Ceramic, particularly zirconia-based, 
sensors have also been developed, for example, for 
02 [155-158], CO2 [159-162], CO [163], and SO x 
[164-166]. These solid-state sensors are robust and 
have the miniaturization advantage because they do 
not require water, and can be operated at high tem- 
peratures in corrosive environments. Solid-state gas 
sensors utilizing ceramic and semiconductor films 
have recently been reviewed [16]. 

4.2. Amperometric and coulornetric sensors 

In an amperometric sensor, the potential is controlled 
at a convenient location (usually at the mass-transfer 
controlled plateau region of the current-potential 
curve), and the current is measured and related to 
the concentration of the (electroactive) analyte. 
Amperometric sensors have come into prominence 
for use with liquid chromatography (LC) and 
flow-injection analysis (FIA) systems [167, 168]. 
Coulometric detectors operate in an exhaustive elec- 
trolysis made unlike their amperometric counterparts 
wherein the fraction of electroactive species electro- 
lysed is usually much less than unity. However the 
methodology of applying the perturbation signal 
and measuring the response is identical in both 
approaches such that, in principle, the same cell 
could be operated in either mode. Both types of 
detectors have been discussed by several authors 
[169-172], and the reader is also referred to a recent 
book on electrochemical detection in flowing streams 
[173]. 

A prototype amperometric sensor is the Clark elec- 
trode in which the measuring cathode is separated 
from the O2-containing gas phase by a gas permeable 
membrane or porous barrier. These sensors are com- 
mercially available, and their use has also been 
extended to other gases including CO and SOx. The 
cathodic detection of CO2 is beset by interference 
problems from hydrogen evolution (as noted ear- 
lier). An amperometric device has been developed 
for use in aqueous media based on a complexation 
scheme involving copper(n) bis(1,3-propanediamine) 
[174]. The sensor operates at a potential higher than 
the oxygen reduction regime precluding interference 
from this species, although other acidic gases would 
interfere. Complexation chemistry with CU(II) was 
also utilized for the development of an amperometric 
sensor for CO [175]. Negligible cross sensitivity was 
noted to oxygen, hydrogen, methane, ethanol or 
acetone. 

The utility of membranes in amperometric sensors 
was mentioned earlier within the context of oxygen 
detection. Similar approaches have also been effec- 
tive for ozone detection. A polarographic technique 
incorporating a gas-permeable membrane is reported 
to have a detection limit of 67 ppb [176]. A polytetra- 
fluoroethylene membrane has been used in conjunc- 
tion with a porous carbon felt electrode for the 
determination of residual ozone in water [177]. 

Sensors incorporating perfluorosulfonate ionomers 
have been developed for the amperometric deter- 
mination of moisture [145, 178]. Amperometric 
moisture sensors based on P205 have a long history 
and a number of commercial units are available. 

Anions in aqueous media have been detected 
amperometrically. For example, FIA has been 
coupled with amperometric detection for the phos- 
phate and nitrite assay of water samples [179]. 
(These authors use the term 'voltammetric determina- 
tion' although no potential scanning is involved.) The 
same group has also developed a method for the 
online reduction of nitrate to nitrite prior to ampero- 
metric assay [180]. 

In general, any electroactive species (organic, 
inorganic or biological) are amenable to ampero- 
metric (or coulometric) detection. Nonetheless, the 
real challenge in the sensor design rests largely on 
the ingenuity with which problems with elec- 
trode fouling, electrochemical reversibility and cross- 
sensitivity to interfering species can be circumvented. 

4.3. Voltammetric sensors 

Cathodic and anodic stripping voltammetry are 
widely used methods for the determination of organic 
and inorganic ions is environmental samples 
[181, 182]. Cathodic stripping voltammetry involves 
the application of a relatively positive deposition 
potential in the presence of anions which can be oxi- 
dized to form insoluble salts with metal constituents 
on the electrode surface (e.g. mercury and silver). 
The applied potential is then linearly swept from the 
deposition potential in the cathodic direction result- 
ing in the selective reductive desorption of the 
anionic species according to the respective formal 
potential value. Anodic stripping voltammetry fol- 
lows a similar sequence of events except that cationic 
species are reduced during the application of a nega- 
tive deposition potential where, for mercury, amal- 
gams form. The potential is then swept linearly in 
the anodic direction resulting in the selective oxida- 
tive desorption of the cationic species. Improved sen- 
sitivities can be achieved using pulsed waveforms to 
eliminate the charging current from small faradaic 
currents [181, 182]. Major problems with these 
methods, however, are (i) the toxicity of mercury, 
which makes the analysis less attractive from an envir- 
onmental standpoint, and (ii) the surface fouling, 
which commonly occurs during analysis of a complex 
solution matrix, thus reducing the efficiency of the 
assay. The use of membrane-modified electrodes can 
circumvent these problems. 

The controlled physical adsorption, or accumula- 
tion, of redox analytes on the electrode surface can 
improve the selectivity and sensitivity of the stripping 
voltammetric measurement [8, 181, 182]. Several reac- 
tions between a surface modifier (e.g. covalent binding 
or ion exchange polymer) and an analyte have been 
exploited to assist in the preconcentration step. The 
preconcentration of analyte is strongly influenced by 
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Table 5. Representative examples of trace analyses using stripping voltammetry 

Electrode details Analyte(s) /matrix Ref 

Glassy carbon surface modified with Hg-coated Trace metals in urine samples [183] 
Nation 
Quinolin-8-ol silica gel membrane layer Trace metals in sea water [184] 
Pt modified with poly(vinylpyridine) Cr(vi) [185] 
Nation modified with 1,10-phenanthroline and Fe(n) and Co(II) [186] 
2,21-bipyridyl 
Carbon paste modified with polysaccharides Cu(n) and Pb(II) [187] 

solvent, electrode material, membrane characteristics, 
pH, electrode potential, temperature, etc. The adsorp- 
tive accumulation of the analyte (i) improves the sen- 
sitivity of the measurement (10 to 100-fold over 
solution phase voltammetry), an especially useful 
attribute when low concentrations of analyte must 
be detected, (ii) renders the analysis less prone to 
mass-transfer limitations, (iii) improves the selectiv- 
ity of the measurement in complex matrices, and (iv) 
reduces interference from organic constituents of the 
sample matrix which can interfere with the mass trans- 
port to the electrode surface and the electron transfer 
between the analyte and the electrode surface. 

Representative examples of trace analyses using 
stripping voltammetry appear in Table 5. 

Potentiometric stripping analysis has been used 
for trace analyses of heavy metals [188, 189]. As 
with the anodic stripping technique discussed earlier, 
the first step is the formation of a mercury amal- 
gam. After this preconcentration step, the metals 
are stripped by chemical oxidation and the potential- 
time profile at the working electrode is recorded. 
The metals are identified by their stripping poten- 
tials and are quantified by measuring the stripping 
time for each metal. This method has been employed 
for several matrices including sea water [190], ground 
water [191], and sediments/sludge [192]. A variety of 
metals including Hg [193], Cu and Pb [190-192], 
and Pb, T1, Cd, Bi, and Sn [191] have been quan- 
titated. The method has also been combined with 
FIA [191]. 

Charging currents ~ave a deleterious influence on 
the detection limits of'conventional stripping voltam- 
metry techniques. A w a~¢ around this is stripping vol- 
tammetry combined vcith collection. This is done 
either with a rotating ring-disc assembly [194] or 
with two tubular electrodes in series in a flow system 
[195]. A variety of flow systems with large surface- 
area electrodes have been described [196]. Even non- 
metals such as phosphate and silicate have been deter- 
mined by flow coulometry [197]. 

There is another important analytical advantage 
with the above approach. If complete electrochemical 
deposition of the trace metals has been achieved, then 
the method could operate as an absolute analytical 
procedure not demanding the need for calibration 
and standards. This has been discussed in a recent 
paper [198]. 

4.3.1. Metal speciation. The toxicity of many metals 

depends on their oxidation state and chemical form 
[199]. For example, inorganic mercury is much more 
toxic than the organoderivatives. Arsenic(v) is about 
50 times less toxic than As(iii). Similarly, Cr(vi) is 
much more toxic than Cr(m). Finally, like mercury, 
organolead compounds are much more toxic than 
the inorganic derivatives. Electro- analytical 
chemistry offers a convenient route to metal 
speciation and selective assay. Let us consider 
arsenic as a model system. 

Arsenic in the higher oxidation state [As(v)] is 
not electroactive under normal conditions. However, 
the electroactivity is much better defined in the 
presence of catechol [200, 201], pyrogallol [200, 202], 
and D-mannitol [203] for reasons still not well 
understood. Three well-defined waves are now seen 
corresponding to the stepwise scheme: As(v) 
AS(m) ~ AS(o) ~ As(-ni). Comparison of 
the corresponding half-wave potential values to those 
obtained for As(m) shows that the reduction of the 
As(v)-polyhydroxyalcohol complex (initially formed) 
proceeds to uncomplexed As(hi). 

The above findings suggest a scheme for incorporat- 
ing speciation into the electrochemical assay. Thus, 
As(m) can be initially determined in a medium such 
as 1 M HC1, wherein As(v) is electroinactive. Then a 
complexing agent can be added and the total arsenic 
determined. An assay as As(v) is then obtained as a 
difference. 

Chemical methods have also been employed 
[203-205] as a prelude to the electrochemical (strip- 
ping voltammetry) assay for reducing As(v) to As(III). 

The organic arsenic derivatives (monomethylarsonic 
acid or MMA and dimethyl arsinic acid or DMA) 
have been determined by pulse voltammetry or 
polarography [206, 207]. 

4.4. Conductometric sensors 

Conductance-based sensing strategies have recently 
found prominence following their use in ion chroma- 
tography (IC) [208] and capillary electrophoresis 
[209]. Electrodialytic membranes have been recently 
used as a suppressor for IC applications [210-212]. 
These membranes have also been used as generators 
to afford a combination which is claimed to eliminate 
conductivity contributions from chemical regenerant 
penetration in the suppressor column [212]. How- 
ever, amperometric detectors with reportedly better 
detection limits (than conductometry) for anions 
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such as sulfate, have been described for use with an IC 
system [213]. A flow-through detection system com- 
prising a d.c. potential applied between two narrow 
gauge hypodermic needles has been described for IC 
applications [214]. Although the authors use the 
term "d.c. conductivity detection" to describe their 
system, electrolysis is actually involved here, and as 
the authors themselves point out, their terminology 
is not synonymous with the ionic conductance of solu- 
tions as usually measured by a.c. techniques. 

Commercial detectors based on a.c. conductometric 
methodology have been described [215-217]. A novel 
IC system comprising sequential suppressed and 
single column detectors has been described, wherein 
an upstream detector uses a conventional suppressed 
NaOH eluent followed by a second detector employ- 
ing a low concentration (0.1 raM) of NaOH eluent 
[218]. A wide range of analyte pKas up to ~ 9.5 are 
reported to be accessible using this approach, permit- 
ting the assay of anions such as arsenate. 

5. New electrode materials and electrolytes for 
environmental applications 

An integral part of any new technology concerns 
materials and environmental electrochemical systems 
are no exception. In this section, we review some 
important developments in new electrode materials 
and electrolyte compositions; again the listing below 
is representative rather than comprehensive. A 
review of new electrode materials, is found in [219]. 

porosity, a surface area between 400-1000m 2 g-a, a 
nominal pore size of less than 50nm and a solid 
matrix composed of interconnected colloidal-like par- 
ticles or fibrous chains with characteristic diameters of 
10nm. The porosity and particle size can be varied 
over a wide range given the flexibility in the fabrica- 
tion procedure. The authors are currently exploring 
the utility of these structures in a variety of electroana- 
lytical applications. They describe the stripping vol- 
tammetric analysis of trace metals at a mercury- 
coated composite electrode. Detection limits in the 
ppm range were obtained with short deposition times. 

Composite metal-carbon electrodes have been 
recently described [232, 233]. Stainless steel fibres 
(2 #m diam.) and carbon fibre bundles (20 #m diam.) 
are combined with cellulose fibres, used as a binder, 
into a continuous interwoven paper preform. The 
composite paper preform is then cut into electrodes 
with desired dimensions and geometry and sintered 
to a stainless steel foil substrate. These electrodes 
possess surface areas, as measured by the BET tech- 
nique, of ca. 750m 2 g-1. The resultant high surface 
area allows high accessibility to gases and electrolytes 
while providing adjustable porosities and void 
volumes. The electrodes can be prepared with other 
metal fibres such as nickel. 

Other novel carbon-based electrodes beginning to 
emerge include carbon foam composites [234], 
epoxy-impregnated reticulated vitreous carbon [235], 
doped carbon thin films and doped glassy carbon 
[236, 237]. 

5.1. Electronically conductive polymers 5.3. Ebonex ® ceramic electrodes 

These materials have recently attracted interest for a 
wide range of applications including batteries, electro- 
chromic displays, anti-static and radar absorption 
coatings, corrosion protection etc. From an environ- 
mental perspective, one of the authors of this review 
has used polypyrrole for Cr(w) remediation [220]. 
The use of polyaniline and polyphenol as pH sensors 
[148] has already been mentioned earlier in this 
review. Polypyrrole has also been used in ampero- 
metric sensors for the detection of anions such as 
chloride, carbonate, nitrite, phosphate and sulfate 
[221,222], and a variety of cations [223-225]. Polyani- 
line or polyaniline-Nafion ® composites [226-228] 
have been utilized for a similar purpose, and in 
some instances in combined FIA and IC systems. 
Polyaniline composites have also been examined for 
gas sensing applications [229]. Finally voltammetric 
measurements based on poly(3-methylthiophene)- 
coated glassy carbon electrodes have been described 
for the determination of phenolic compounds [230]. 

5.2. Novel carbon-based electrodes 

A new chemically inert conductive ceramic electrode 
based on the Magneli phase suboxides of titania has 
been developed [238]. The electrode is corrosion resist- 
ant in a variety of harsh chemical environments such 
as fluoride and chloride-containing media and can 
be operated as either the cathode or the anode. In 
the bulk ceramic form, the Magneli phases of the elec- 
trode exhibit a conductivity comparable to that of 
graphite. The high conductivity combined with the 
high level of chemical stability, make this electrode 
of great interest to researchers both as a direct elec- 
trode material and as a support for electrocatalysis. 
The electrode material has a wide potential window 
in aqueous electrolytes exhibiting large overpoten- 
tials for the oxygen and hydrogen evolution reac- 
tions. The electrode also possesses excellent per- 
meability to liquids rendering it quite useful in flow- 
through waste recovery and waste management 
processes. Further work continues on this material 
for modifying the electrode microstructure and for 
surface modification with electrocatalytic coatings 
[239, 240] (also see above). 

Carbon aerogel composite electrodes have been pre- 
pared by the sol-gel condensation or resorcinol and 
formaldehyde in a basic medium followed by drying 
and pyrolysis [231]. The electrodes possess a high 

5.4. Diamond electrodes 

Diamond offers exciting new possibilities as an 
electrode material for electrochemical systems. The 
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unique properties of this material which include (i) 
extreme hardness, (ii) corrosion resistance, (iii) opti- 
cal transparency, (iv) heat and radiation resistance, 
and (v) high thermal conductivity make this an 
attractive electrode material. Normally the insulating 
character of virgin diamond (> 1012 f2 cm) would pre- 
clude the use of this material in electrochemical cells. 
However, the resistivity of chemical vapour deposited 
diamond thin films can be made as low as 0.01 f~cm 
by doping with boron. One of the authors of this 
review has made some initial observations regarding 
the behaviour of boron-doped diamond electrodes in 
contact with aqueous solutions [241]. The diamond 
electrodes have been observed to be chemically inert 
and microstructurally stable in a variety of acidic 
and alkaline electrolytes containing fluoride and 
chloride ions during hydrogen and oxygen evolu- 
tion. A recent paper on the electrochemical reduction 
of nitrate to ammonia using conductive diamond film 
electrodes [242] exemplifies the promise of this 
material for environmental applications. However, 
much fundamental research remains to be done on 
how the electrochemical reaction kinetics are influ- 
enced by the structural and electronic properties of 
this material. 

5.5. Novel membranes and coatings 

We have seen the pivotal role that membranes play in 
environmental electrochemical science and technol- 
ogy. New membranes will undoubtedly continue to 
evolve for environmental applications. Electrode 
modifiers for selective partitioning and sensing of 
targeted species as well as new separator membranes 
will emerge. An example of the first sort is a recent 
report on ultra low-level (< 10-12M) detection of mer- 
cury using 4,7,13,16,21,24-hexaoxa-l,10-diazobicy- 
clo[8.8.8]hexacosane (Kryptofix 22) modified glassy 
carbon electrodes [243]. 

i 

5.6. Novel electrolytes for environmental applications 

The use of surfactants is a key aspect in many direct or 
indirect electrolysis systems for the removal of pollu- 
tants (cf. Section 2). The use of surfactant (e.g. cethyl- 
methylammonium bromide and CTAB) micelles in 
water combined with catalysts such as metallated 
phthalocyanines has been proposed as a low cost, 
safer alternative to (toxic) organic solvents for reduc- 
tive dechlorination of pollutants such as PCBs 
[244]. Limited solubilities in these media have 
prompted these authors to recently explore the appli- 
cability of bicontinuous microemulsions for this 
purpose [245]. 

Other (less conventional) alternatives to aqueous 
media include molten salts (see above), but, more 
intriguingly, supercritical fluids (e.g. CO2). Prelimin- 
ary reports of electrochemistry in such media have 
appeared [246] albeit from a nonenvironmental 
perspective. 

6. Concluding remarks 

This review has identified some of the many opportu- 
nities that exist for electrochemical techniques in 
environmental science and technology. It is appropri- 
ate to finish with a reflection on how industry has 
adopted these techniques on a routine basis for pollu- 
tant cleanup/recycling and sensing. It seems safe to 
conclude that there are many more examples for the 
use of electrochemical methodology in applications 
related to cleanup/recycling than in the analytical 
(sensing) area. Even within the latter category, rou- 
tine use of dynamic electroanalytical techniques 
appears to be lagging behind other approaches 
(e.g. ISEs, conductance-based sensors) for pollutant 
sensing and quantitation. These general trends 
underline the 'cultural' barriers that impede the 
adoption by end-users of any new technology. It is 
easier to work with power supplies and voltmeters 
than to understand the intricacies of a potentiostat/ 
galvanostat. To make matters worse, chemical 
modification or optimization of a working-electrode 
surface is often an art rather than a science. None- 
theless, the advent of 'smart' and user-friendly electro- 
chemical instrumentation [248] augers well for the 
future. 
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