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POTENTIAL USES INCLUDE CLEAN-UP OF FLUE GASES
FROM COAL FIRED STATIONARY POWER PLANTS

By Stanley H. Langer
Chemical Engineering Department, University of Wisconsin, Madison, U.S.A.
The concept of utilising favourable exothermic heats of overall reaction to produce chemicals while at the same time generating electrical energy in an electrochemical cell
arrangement is appealing fkom an aestheticviewpoint, and also responds to present day concerns about conservation and the environment.
Some possibilities were noted by such eminent
figures as Grove, the inventor of fuel cells in
1842 (l), and Nernst and others at the end of
the nineteenth century (2). Yet, despite significant advances in electrochemical syntheses
(3-6) and electrocatalysis since that time, the
application of this electrogenerative approach
to chemical processing has not progressed
beyond research efforts in a few laboratories.
Thus, many possibilities are not appreciated or
have been overlooked. In this introductory discussion, which is intended for stimulation of
further consideration, electrogenerative processing is explained and some means for its
implementation are given, as are its limitations.
Several types of systems also are described, as
are some selectivity features, and possible ways
for applying this approach to controlling nitrogen oxide and sulphur dioxide emissions.
More extensive discussion and pertinent references can be found in several reviews and
recent articles (2, 6-12).
“Electrogenerative systems” or processes
combine the favourable thermodynamics of
overall reaction (AG<O) where the change in
Gibbs’ free energy should be negative, with
mechanistic and kinetic factors to produce or
remove a desired chemical, and to generate DC
current between matched electrodes in an electrochemical cell arrangement. Fuel cell operations, which are related, generally emphasise
energy production aspects in the cell and com-
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plete oxidation ( 13, 14, 15). Electrogenerative
systems share the use of catalytic electrodes and
possibly even fuel cell components, but they
differ significantly in that their main function
is chemical processing with attendant considerations, and the electrical power is a by-product. The “electrogenerative” designation emphasises the chemical processing goals (6,7,9, 16).
A consequence of this is that catalytic requirements at both electrodes may differ considerably from those of fuel cells.
With the long term view influenced by an
interest in catalysis and the considerations above,
a number of systems have been devised for performing selected electrochemical syntheses in
a galvanic or “electrogenerative” mode (6, 7,
9, 12). Some electrogenerativesystems of interest to this discussion are listed in the Table.
While a variety of conventional and modified
electrochemical methods can be used to study
the pertinent half-cell electrode reactions (for
example 17-1 9), in our laboratoriesoverall electrogenerative systems generally have been investigated without any external power source and
with simple controls. They incorporate two coupled electrode reactions, an appropriate barrier electrolyte, a provision for product recovery,
and a circuit with a load for using the electrical
energy, or possibly only to dissipate it, as illustrated by the system for studying electrogenerative hydrogenation in Figure 1. This approach
insures feasibility and has stimulated continued
improvement in current densities, components
and cell configurations. Generally we have
worked with aqueous solutionsor aqueous compatible barrier electrolytes, such as some ion
exchange membranes. Some other work on electrogenerative processes using solid electrolytes
has been summarised recently by Vayenas (20),
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and Stoukides (21), while Winnick and co-workers (22) have also discussed important related
applications using solid electrolytes.

Hydrogen Olefin Wbstralc

1

1

Some Electrogenerative Systems
and Their Characteristics
The hydrogenation of simple alkenes, conventionally a heterogeneous catalytic reduction,
was utilised as an initial model system for investigating organic electrogenerative system operation (23, 24) and has been among the most
extensively studied to-date. While the electrogenerative production of alkanes from alkenes
is not a system of ordinary commercial interest, it is related to a number which are, and it
has been useful for demonstration studies. Many
approaches used in analysing electrogenerative
alkene hydrogenation (for example the determination of rate expressions and mechanism)
are applicable to other electrogenerative systems of the type described later. In this hydrogenation, hydrogen reacts across a barrier
electrolyte phase bounded by porous, electrolyte-impermeable, catalytic electrodes. Figure
1 illustrates a cell design, together with associated circuitry, chosen from a number which
have been used.
During operation, hydrogen ions which
formed at the anode are transferred through the
electrolyte, while electrons are conducted
through the external circuit. Hydrogenation
occurs at the counter, catalytic cathode (reducing electrode) at a controlled rate. With aqueous acid electrolyte, overall processes are:
Anode: H, -+ 2H+ + 2e
Various Solution Transport Processes:
H+(anode) + H+(cathode)
Cathode:

(i)
(ii)

RCH=CHR’+2H++2e-+RCH2-CH,R’
(iii)
Overall: RCH=CHR’

+ H, -+ RCH,-CH,R’

(iv)

The open circuit cell potential is given by
- Em,,. For the hydrogenation of olefins,
Ecarhdc
a characteristic reproducible open circuit voltage close to that calculated on the basis of free
energy change (see the Table) is observed,
although the olefinic electrode is not consid-
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Fig. 1 One of the cell mdgurations, and 8880ciated circuitry, used to study eleetrogenerative
hydrogenation processes

ered reversible. By varying the simple external
load the rate (current) of reaction can be controlled. Electrode potential also varies because
of polarisation. In this example, the low solubility of reactants and products in the barrier
electrolyte limits any direct chemical reaction
between hydrogen and the olefin reactants or
“chemical shorting”, so that the thermodynamic
driving force is maintained. Reactions (i) and
(iii) led to an overall reaction with an invariant
electrolyte composition at significant current
densities (> 70 mA/cm2)using high surface area,
gas diffusion electrodes (23-25).
With constant ionic strength perchlorate electrolyte, the kinetics of ethylene electrogenerative
hydrogenation at the cathode could be studied
at liquid-impermeable, Teflon-bonded, platinum black American Cyanamid LAA-2 electrodes (9 mg Pt/cmz) (25). Either the ethylene
partial pressure or the concentration of the
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Some Electrogenerative Systems of Interest ( 6 , 7 )
an
an

Overall reaction
reaction
Overall

'AH:

-

-

Reductions:
CzH4+H2+CzH,
C&+~HZ+C&Z
2NO(,)+HZ+NZO(,,+HZO(~
NO(,)+l .5H2+H++NH2OH.H+(,)
N0(,)+2.5Hz+H++NH;(,)+H,O

22
66
22
33
55

Halogenations:
Halogenations:
CzH4+CIz-1CH,CICHzCI
CzH4+CIz-1CH,CICHzCI
C~H4+CIz+H2O+CH&ICH2OH+HCl(,)
C~H4+CIz+H2O+CH&ICH2OH+HCl(,)
C,H4+Brz+CHzBrCH2Br
C,H4+Brz+CHzBrCH2Br

22
22
22

d

~

kcal/mol

~

eEo,V
: eEo,V
calculated)
:calculated)

'E,V
'E,V
(observed)
(observed)

32.7
- 32.7
- 49.3
49.3
70.4
- 70.4
-52.3
52.3

24.1
- 24.1

-23.4
23.4
36.7
- 36.7
- 34.3
34.3
96.4
- 96.4

0.52
0.52
0.17
0.17
1.59
1.59
0.50
0.50
0.84
0.84

0.51
0.51
0.14
0.14
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0.90
bb
bb

- 52.2
52.2
46.7'
- 46.7'
- 23.3*
23.3*

- 35.5
35.5
35.6'
- 35.6'
-21.2'
21.2'

0.769
0.769
0.742
0.742
0.460
0.460

0.81
0.81
0.81
0.81
0.61
0.61

1.05
1.05
1.20
1.20
1.15
1.15
1.16
1.16
1.06
1.06

0.64
0.64
0.64
0.64
0.64
0.64
bb
0.65
0.65

121.7
- 121.7

~

___

~

Oxidations:
Oxidations:
C~H~OH+0.50z+CH~CHO+H~O
C~H~OH+0.50z+CH~CHO+H~O
CzH50H+Oz+CH3COOH+Hz0
CzH50H+Oz+CH3COOH+Hz0
CZH5OH+3O2+2CO2+3H2O
CZH5OH+3O2+2CO2+3H2O
C4Hqa+0.502+C4H,O
C4Hqa+0.502+C4H,O
SO~(g)+0.54+HzO(,'HzSO4(aq)
SO~(g)+0.54+HzO(,'HzSO4(aq)
a
b
c

Number of
of electrons
electronsinvoived
invoived
Number
underrequisite
requisitecondmons
condmons
Notstudied
studied under
Not
Changein
inenthaipy
enthaipy
Change

22
44
12
12
22
22

-

hydrogen ions was kept constant, at steady state
positive potentials, while the other was varied
under conditions where transport was not limiting. Thus, an order in each reactant at the
cathode could be determined from:

(-

I,,,

= zi

with the assumption of a simple exponential rate
expression for the rate of reaction. Here, i is current density, T is temperature, E is potential,
and Cirepresents the concentration of a specific reactant at the electrode, Ciis the concentration of other reactants, and Z,is the order of
reaction with respect to any reactant. In recent
years, more elaborate studies have been conducted on this hydrogenation reaction (26-28)
for both platinum and palladium catalysts.
A variety of electrogenerative halogenation
systems can also be operated to give dihaloalkanes and haloalcohols (6, 7, 16, 29) with olefins
introduced at the anode. With electrogenerative bromination, for example, the overall elec-
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trode reactions with aqueous bromide electrolyte are:
Cathode: Br, + 2e+2Br
Anode:
RCH=CHR' + 2Br+2e

or
RCH=CHR'

(vi)

+ RCH-CHR'
I

I

Br

Br

(vii)

+ 2Br + H,O+
2e + RCH-CHR'

I

Br

1

+ HBr

(viii)

OH

When Reaction (viii) occurs the electrolyte is
no longer invariant. One challenge is to control
the system so that either Reaction (vii) or (viii)
occurs selectively, since either bromohydrin or
dibromoalkane can be the desired product.
Control of selectivity, through potential or electrocatalysts at the anode, in order to favour
either dihaloalkanes or haloalcohols has been
described elsewhere for electrogenerative halogenations (16,29). With a mixed reaction route
available at the anode, as well as irreversibility,
it is not surprising that the open circuit voltages for this system vary somewhat from those
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Fig. 2 Operating potential rangee for indicated electrogenerative processes and conventional electrolytic proceaees are shown. Electrogenerative hydrogenation of ethylene takes place between 0.0 and
0.51 V on this scale (above the standard reversible potential for hydrogen discharge). Electrolytic
hydrogenation generally takes place below 0.0 V. Electmgenerative bromination takes place between
about 0.47 and 1.07 V (below the standard reversible potential for bromine dischrge) (16). Electrolytic
bromination of an olefm would ordinarily take place at an anode above 1.07 V

calculated, as are shown in the Table.
The “potential windows” for the operation
of cells for electrogenerative hydrogenation and
bromination of ethylene are shown in Figure 2,
together with the standard potentials of the
reversible hydrogen and bromine electrodes,
respectively. Potential regions on this scale
where corresponding, energy consuming, electrolytic processes generally are operated are also
indicated. It can be seen that the potential
regions tend to be different. Elemogenerative
hydrogenation occurs above the standard hydrogen reversible potential (-0 V) at positive voltages, while electrogenerativebromination occurs
below the standard bromineibromide reversible
potential (-1.06 V) where bromide ion ordinarily would be discharged; see the caption discussion in Figure 2. Thus, for both types of
reactions, the driving force for product formation in the electrogenerative mode contributes
to ion discharge and the overall reaction at the
electrode.
Nitric oxide, a gas of special interest from
both basic and environmental considerations
can also be reduced in the electrogenerative
mode as a consequence of favourable thermodynamics (AGR<< 0, see Table), in a cell similar to that shown as Figure 1. A polarisation
or performance curve, A, corrected for ohmic
loss in the electrolyte (IR correction), for the
nitrogen oxidehydrogen system at a moderate
nitric oxide flow rate is shown in Figure 3; reaction conditions are indicated in the caption (30).
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For comparison, the curve without IR correction
is also presented in this Figure. The correction
or voltage loss vanes with current. Substantial
currents of the order of 100 mA/cmz or higher
are seen to be generated in the nitric
oxidehydrogen system with high surface area
LAA-2 gas diffusion electrodes, which are gas
permeable as well as electrolyte impermeable
(31).
With the porous, catalytic electrodes, the following nitric oxide reactions can take place and
have been observed under varying conditions:
Cathode:
E”,V
2N0+2H++ 2e+N,O + H,O
1.59
2N0+4H++ 4e+Nz+ 2H20
1.6
2N0+6H++ 6e+2NH20H
0.38
2N0+10H++lOe-+2NH3+ 2H,O0.73

(ix)
(XI

(xi)
(xii)

where Eois the standard potential for these reactions. The hydrogen oxidation reaction at the
platinum anode (Equation (i)) occurs fairly
reversibly and readily, close to 0 V. Similar nitric
oxide reduction products have been reported
in a variety of heterogeneous catalytic studies.
At the electrogenerative nitric oxide electrode,
product selectivity is determined by kinetics
and mechanism under the indicated cell conditions as well as by thermodynamics (17, 32,
33). Standard potential alone does not determine the course of the reaction.
The polarisation behaviour shown in Figure
3 can be interpreted in terms of two potential
regions (30). From open circuit, 0.9, to 0.4 V
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Fig. 3 NO/H, cell polarisation curves for nitric
oxide reduction show: Curve A: IR corrected;
dashed line, A’, uncorrected for ohmic drop
(IR loss). Platinum LAA-2 cathode at 25°C
with 3M HCIO, electrolyte; nitric oxide flow
rate 5.4 cmYmin (30). Curve B, 2M HC104
electrolyte, nitric oxide flow rate 20 cm’lmin
(34). Both cells incorporate LAA-2 anodea

nitrous oxide (laughing gas) is the major
product. The sharp potential drop with virtually
no current increase corresponds to complete
depletion of the entering nitric oxide stream
(100 per cent conversion). Such limiting current
behaviour can be observed with platinum electrocatalysts with relatively low nimc oxide flows,
and corresponds to Reaction (ix).
For further selectivity analyses, current efficiencies (CE) can be considered. These are
based on the calculated current for any product
using the production rate and the number of
electrons indicated in Equations (ix)to (xii) for
the calculation, and dividing by the total measured current at a given potential (30,34).The
current efficiencies found in our laboratories
(30)with perchlorate electrolyte are represented in Figure 4 as a function of the cathode
potential referred to the reversible hydrogen
electrode (RHE). Below 0.4 V the nitrous oxide
current efficiency decreases sharply, while significant nitrogen formation begins; see Figure 4
and refer to Figure 3, (Curve A). The current
efficiency for nitrogen formation, Reaction (x),
goes through a maximum around 0.25 V.
Ammonia formation also begins as nitrous oxide
production drops off, at about 0.3 V. It is the
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major product at potentials below 0.15 V. While
some hydroxylamine is formed at potentials
below 0.3 V, the current efficiency for its formation is not important (< 5 per cent) relative
to other products under these conditions.
However palladium, rhodium and ruthenium
electrocatalysts all tend to promote more
hydroxylamine formation (17). Both ammonia
and hydroxylamine accumulate in the acid electrolyte while nitrogen and nitrous oxide exit in
the cathode effluent.
Hydroxylamine is of special interest because
it is relatively valuable, being used in the
manufacture of caprolactam and aldoximes.
Selectivity to hydroxylamine, Equation (xi), can
be favoured by altering the conditions in a variety of ways (electrolyte, catalyst, etc.) (17, 34).
By depositingsulphur in a controlled manner on
the platinum catalyst, current efficiencies for
hydroxylamine formation of ninety per cent or
higher can be achieved (18, 33). These and
other results suggest that there is the possibilit y of utilising an electrogenerative operation to
produce hydroxylamine, as an alternative to the
heterogeneous catalytic process (35).One special advantage of the electrogenerative option

0.1

0.3

0.:

Ec, Volts

Fig. 4. Selectivity during nitric oxide reduc.
tion showing current efficiency versus cathode
potential r e f d to hydrogen e l d e (RHE).
This is for cell of m e A in Figure 3. Ammonia
current efficiency at 0.1 V was obtained with
nitric oxide flow of 0.6 cm3/min(30)
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is that both anode and cathode gaseous effluents
can be recycled without any need for a separation stage.
The selectivity features of the nitric
oxidehydrogen system are illustrative of significant factors which can arise in electrogenerative processing, as compared with fuel cell
operation. Besides selectivity, special problems
include controlled catalysis and catalytic activity, as well as reactant and product recovery
fkom processed streams. As can be seen fkom
Figure 4, if attempts are made merely to maximise power or DC current generation without
regard to desired chemical selectivity, cell operation might be shifted to unfavourable voltage
ranges. The optimal conditions of operation
also illustrate an important advantage for elec-.
trogenerative processing as compared with heterogeneous catalysis, in that the former offers the
special possibility of controlling selectivity and
rate through electrode potential, as well as
through altering catalyst, surface structure and
concentrations.
Currents in the nimc oxidehydrogen cell can
also be increased considerably through increased
nitric oxide flow rate at the anode, in order to
produce selectively nitrous oxide which is also
of value. A polarisation curve for such a situation is shown as curve B in Figure 3. Of special interest is the fact that electrogenerative
cells can be operated so that nitric oxide, in
dilute gas mixtures, is reduced to a very low
level (32-34,36) suggesting a possible electrogenerative application to waste gas treatments.

Electrogenerative Processing of
Potential Polluting Streams
Flue gas treatments or aspects of these treatments are among the most interesting potential applications for electrogenerative processes.
Sulphur dioxide and nitrogen oxides present in
the flue gas emitted fkom fossil fuel-fired power
generators are recognised as the largest source
of acid rain in the United States of America,
and are very significantfactors elsewhere. These
atmospheric pollutants are also associated with
other types of processing, such as nitric oxide
and sulphuric acid manufacture, as well as with
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CURRENT DENSITY, mA/cm'

Fig. 5. Polarisation curves are shown for sulphur dioxide oxidationwith an oxygen cathode
in an ion exchange membrane divided electrogenerative cell for sulphuric acid production. Electrolyte flows through cathode compartment into anode compartment. LAA-25
American Cyanamid electrodes are 5.1 cm',
25 mg Pt blacklcm'. Each electrolyte chamber is 4.8 m m thick. Cell resistance at 3OoC
(A) 0.38 ohms; at 60°C (m) about 0.31 ohms;
the dashed l i e indicates cell voltage at 60°C
corrected for Ktloss. RAI Research R4010
cation exchange membrane separator. Ed is
measured at terminals. Reproduced with permission (7),copyright (1985), ACS

waste incineration and ore processing.
Awareness of these problems continues to grow
throughout the world. Electric utilities and
industrial boilers were projected to emit 21 million tons of sulphur dioxide and l l million tons
of nitrogen oxides, accounting for 85 and 52
per cent, respectively, of these pollutant emissions during 1990 in the U.S.A. alone (37). A
major portion of the sulphur dioxide emissions
comes fkom older operations of modest capacity. With more coal-fired capacity coming online during the next decade, these types of operations may well be under pressure to achieve
further emission reductions. In a comparison
with conventional technology, electrochemical
stages might well be more viable for modular,
small-scale installation and so could emerge as
better suited for these retrofit applications, as
well as for some new uses. There was interest in
electrochemical flue gas clean-up processes earlier (38,39), but the high costs generally associated with them tended to discourage any
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significant efforts. With electrogenerative processing, however, costs might be directed toward
useful chemical production as well as to the
elimination of pollutants. Earlier studies in our
laboratories in connection with sulphuric acid
production have shown that sulphur dioxide
can be processed in electrogenerative cells at
ambient temperature, and at 6O-7O0C, to give
sulphuric acid and high currents (7,9) although
both the sulphur dioxide and the oxygen electrodes operate about two-tenths of a volt away
from standard potentials, even at open circuit.
Cell performances with current densities
approaching 200 mA/cmZ are illustrated in
Figure 5 . The electrode reactions for sulphur
dioxide oxidation can be represented as shown
below (40).

K V

Anode:
2S0,+4H20+2H,S0,+4H++4e
Cathode:
0,+ 4H+ + 4e +2H20
Overall:
2S0, + O2+ 2Hz0+2H,S04

(xiii)

+O. 17

1.229 (xiv)
1.06

(xv)

A general electrochemical approach to the
flue gas clean-up not involving an external power
source can then be proposed (4 1,42). One possibility, a modification of a standard approach,
is shown in Figure 6.Particulates, sulphur dioxide and nimc oxide are all removed in separate
stages. As we have seen, the pertinent electrogenerative reactions for flue gas clean-up have
been demonstrated to be feasible separately at

high currents in preliminary reactor studies.
These are sulphur dioxide oxidation to sulphuric
acid, Equation (xv), and nitric oxide reduction
to ammonia or hydroxylamine. Efforts for implementing these processes in clean-up would be
in the direction of modifying them to meet performance criteria (including costs) for each
stage, so that one or both types of reactors could
be applied for low sulphur dioxide or nimc oxide
concentrations. While platinum group catalysts
in bulk form have been satisfactory for feasibility testing, catalysts supported on conductors
such as carbon and in other configurationswill
be required for the future, because of economic considerations.
Dilute gaseous streams containing sulphur
dioxide might be treated directly, or concentrating procedures such as the BergbauForschung and Wellman-Lord or related
processes might be applied to provide more
concentrated gas streams or solutions for liquid phase processing (41,42). Both commercial
gas diffusion type anodes and packed bed electrodes have been studied for processing and
removing low sulphur dioxide concentrations
from gaseous and from liquid streams (42,43,
44). The gaseous concentrations have
approached those of common flue gases (43).
These cited studies also can be reviewed as
models for investigating other dilute gas streams
for clean-up through electrogenerative processing. In connection with the investigation
on electrogenerative processing of dilute sulphur dioxide in our laboratories, additional work

Coke o r Scrubber
slurry

1
502
NO,

solution

1

SO2
removed

Acid electrolyte

1
NOX

Eletrogcoerativc
NO^ r t m o v a ~

1

NH .NHzOH,

Elect rogencrative
5 0 2 oxidation
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Fig. 6 A general electrochemical approach to flue gas
clean-up which incorporates
electrogenerative stage%
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was done on a pretreatment for anodic current
enhancement through sulphur deposition onto
an electrocatalyst via sulphur dioxide reduction. While some related treatments were used
by other investigators earlier, little had been
done on high surface area porous electrode treatments for reproducible, steady state use.
For dilute sulphur dioxide studies with gas
diffusion electrodes (43), the design of the cell
of Figure 1 was altered to provide a rectangular working anode configuration of 13 x 5 1
mm (6.45 cmz in area). Results for electrogenerative processing of 1 per cent sulphur
dioxide in nitrogen are shown in Figure 7, for
an LAA-2 electrode. Currents, of course, are
well below those observed earlier with concentrated sulphur dioxide gas streams.
However, relatively high conversions of 89 per
cent and 55 per cent, depending on flow rate,
could be achieved even with this small working area. Other data, more comparable to
scaled-up cells, were obtained at higher flow
rates. For scale-up, higher conversion could
be achieved from longer flow paths and even
several separate stages in series with anodes
operating at different potentials, depending
on clean-up and power generating strategy.
Further investigation of commercial type gas
diffusion electrodes obtained through Johnson
Matthey showed that a gas diffusion electrode

4
8
CURRENT DENSITY, mAlcm’

Fig. 7 Electrogenerative proceasing of 1 per
cent sulphur dioxide in nitrogen, indicating
the performance of a 1 per cent SOJN,II0,
cell, LAA-2 electrodes, 6.45 ema,3 M H,SO,
electrolyte at 25OC. Reproduced with permission (43), copyright 1992, Butterworth
Heinemann
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Fig 8 Effect of low sulphur dioxide coneenhations in a nitrogen s t r e a m is shown on elecfrogenerative cell performame. Pt-WC anode,
23”C, 3M H$O, electrolyte and LAA-2 oxygen cathode. Reprodud with pennkion (a),
copyright 1992, Butterworth Heinemann

(NSX88/4El) incorporating carbon support,
platinum (1.5 mg/cm2) promoted with manganese, and a Teflon backing, would give an
anode performance comparable to that of the
more heavily loaded LAA-2 electrode which
was used initially (43).
The effect on cell performance &om lowering
sulphur dioxide concentrations to levels close
to those of effluent gas flow levels from power
plants is illustrated in Figure 8 . Differing high
gas flow rates were used for various reasons but
all were in substantial excess, so that the gas
phase concentration was the critical factor in
controlling the generated current. The irnportant result is that electrogenerative operation is
quite feasible at low concentrations and that
these concentrations of sulphur dioxide can be
reduced to still lower levels. Additional work
has shown that even a three per cent oxygen
concentration in a simulated 0.3 per cent sulphur dioxide effluent stream was not very deleterious to sulphur dioxide/oxygen cell
performance when using a
platinummanganeselcarbon anode and a high
performance cathode with 3 molar sulphuric
acid electrolyte (43).
An alternative strategy for processing sulphur
dioxide from effluent gas streams is to anodically remove it from scrubbing liquors or solu-
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Fig. 9 Liquid phase electrogenerative prooessing of dissobd sulphur dioxide in a hybrid
cell with 0, cathode. LAA-2 anode 1.47 mg
Ptlcm' on graphite, catholyte: 3M H,SO,,
anolyte (packed bed feed): 0.31 M SO, in 3M
HaO,, 2.8 cm'lmin, 24OC. Cell mistance 0.24
a.Data of S. E. Lyke and S. H. Langer, experiments described elsewhere (44)

tions resulting from concentrating procedures,
such as those implied in the arrangement shown
as Figure 6.With this in mind, oxidation of dissolved sulphur dioxide in liquid phase electrogenerative reactors with packed bed anodes also
has been studied. In this feasibility investigation, platinum loadings in the range of 0.5 to 6
mg/cm2 on porous graphite supports were
emphasised (44). The hybrid type cell combined a gas diffusion cathode with the packed
bed anode. Earlier work was done on both heavily loaded platinum anodes and graphite supported platinum (42), but the effects of a pretreatment protocol together with electrode
preparation details were not quantified in many
instances. Currents of 80 d c m 2were generated though a t room temperature with 0.5 M
sulphur dioxide in 3 M sulphuric acid using a
porous graphite anode sheet containing 18
mg/cm* of platinum and an efficient gas d i f i sion counter electrode in the hybrid cell and
pretreatment. Further work showed that a loading decrease to 6 mg platinum/cm2 could be
attained with little sacrifice in performance.
Moving to lower loadings, it was found that
with 1.5 mg platinum/cm2 on the rectangular
graphite sheet, packed bed anode (3 mm thick)
in the hybrid cell, 55 per cent of entering 0.35
M sulphur dioxide in 3 M sulphuric acid elec-
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trolyte flowing at 0.63 cmYmin, could be converted (44).A polarisation curve for a faster
flow rate is shown in Figure 9. Significant currents of the order of 3 mA/cmz could be generated even at 0.003 M sulphur dioxide concentrations. For the future we must determine
the extent to which increased platinum dispersion can be achieved with improved preparation methods to lower catalyst loading.
As already indicated, earlier work showed
that nitric oxide reduction is very feasible in
electrogenerativecells (34,41,45)and currents
of 100 mA/cm2or higher are readily achieved.
With more than 10 million tons of nitrogen
oxides - originally mostly nitric oxide - produced in stationary power plants in the United
States of America each year there are attractive
possibilities for the recovery of this effluent component in chemical form; see Reactions (xi) and
(xii). Furthermore, if nitric oxide can be
removed economically through electrogenerative
processing, power plant protocol, which is
formulated so as to minimise its formation,
might even be altered. Little work has been
done with supported catalysts and dilute nimc
oxide streams. However with LAA-2type electrodes and some sulphur pretreatment it has
been shown that electrogenerativenitric oxide
conversions are particularly effective (33,46).
In studies with two to three per cent nitric oxide
in various gaseous diluents, ninety to ninety five
per cent conversions take place readily even in
small scale laboratory cells with circular electrodes of the type in Figure 1.
Some questions regarding nitric oxide material balances remain for future consideration.
The extent to which nimc oxide can be reduced
to nitrogen (30,47)has not been evaluated for
dilute nitric oxide streams, and the maximum
achievable concentrations of electrolyte soluble products must be determined. For flue gas
clean-up applications, studies of operations with
gas diffusion electrodes at low nitric oxide feed
concentrations, for example 0.05 per cent, still
must be undertaken. To process feed for cost
effective current densities, that is, adequate
nitric oxide removal rates, cells with special
cathode gas channels may be required. Flow
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across the face of the electrode shodd be controlled so as to assure lateral dispersion, while
pressure drop must not be excessive. This type
of problem, and others not discussed, are part
of the challenge in future electrogenerative
reactor design (48).

I

Additional Electrogenerative
Possibilities
With growing interest in facets of biomass
processing, alcohol oxidations to aldehydes or
ketones become another area worthy of attention. Ethanol oxidation is of special interest particularly in the presence of water or water
vapour. This is because the acetaldehyde product has a low boiling point (20.8"C) which facilitates subsequent separation where desired. In
Figure 10, the rates of production of acetaldehyde and carbon dioxide from aqueous ethanolic vapour at a platinum anode, in a cell with
an oxygen cathode, are compared (6). Their
formation can be represented by Equations (xvi)
and (xvii):
CH,CH,0H+CH,CH0+2Hf+2e
CHSCH,0H+3H,0+2C0,+1 2H++12e
while at the cathode
0,+4H++4e+2HZO

(xvi)
(xvii)
(xviii)

Reaction (xvi) would be the desired one. In
Figure 10, it can be seen that as the anode
potential increases, acetaldehyde production
also increases, reaching a maximum at about
0.68 V (versus W E ) . At a higher voltage, the
production of acetaldehyde then diminishes
while undesired carbon dioxide formation, a
desired fuel cell reaction, increases. Above about
0.73 V, catalyst activity deteriorates with time
reflecting platinum oxide formation and catalyst
deactivation (6). Thus, even though there is a
pronounced increase in cell current with increasing potential, acetaldehyde selectivity considerations dictate the range and potential region
of operation for this cell. It can be further noted
that while an open circuit cell voltage of 1.05
can be calculated for standard conditions, as
shown in the Table, the observed value is 0.64
V. Neither the ethanol anode nor the oxygen
cathode ordinarily operate close to reversible
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Fig. 10 Acetaldehyde (0)and carbon dioxide
(0)production rates are shown from an aqueow ethanolic vapour in a nitrogen stream fed
to a cell at 38°C with a gas -ion
type anode
in 3M H$O, electrolyte(6). The 0, cathode is
also a gas diffwion type. The vapour feed was
obtained by sparginga 75 per cent by volume
ethanol-watermixture at ambient temperature with nitrogen at 59 an3/&. Reproduced
from (6), with permission of W A C , the copyright holder

potentials. Nevertheless, controlled electrogenerative conversion of ethanolic vapour to
acetaldehyde seems feasible.
Stafford adapted fuel cell type components
for a study of the electrogenerative oxidation of
propylene at a palladium catalysed anode, using
25 per cent phosphoric acid electrolyte in the
temperature range of ambient to 80°C (12).
The interesting and special catalytic properties
of palladium for allylic oxidation were demonstrated through the formation of acrolein and
acrylic acid. Although selectivitywas poor and
currents were low in this pioneering effort, future
improvements can be anticipated. Experiments
with similar results to those of StafFord but with
the catalysts deposited on solid polymer electrolytes have been reported mcire recently by
Japanese workers (49). A number of related
studies with solid polymer electrolytes have also
been described (50).

Prospects for the Future
Electrogenerative systems differ from conventional electrolyticprocessing systems in that
the need for an external power source can be
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eliminated in many instances, thus providing
advantages with respect to ease and scale of
operation as well as capital investment. Even
at the present stage of development, there is the
promise that with minor refinements these cells
can be developed advantageously to become
standard laboratory devices since electrogenerative processing can be convenient while retaining many advantages of conventional electrolytic
processing relative to heterogeneous catalysis.
Among these are simple reaction rate control
and special selectivity, as well as the capacity
for operation under mild, controlled conditions.
Views on costs and related factors in conventional electrochemical processing have been
clouded by the uncertainty about future electric power costs and capital investment needs
for equipment. However, when nine proposed
electrochemical processes were thoroughly
reviewed and analysed (3), the electrogenerative based preparation of methyl ethyl ketone
from butene was one of two selected for potential future energy savings relative to corresponding chemical processes (5 1).
Limited work with electrogenerative and related systems to-date has also limited the recognition of their potential applications and their
special features despite some recent activity in
this direction (9, 10, 12,49). While the types of
processes studied in our laboratories have been
emphasised here, other investigators, already
cited, have emphasised solid electrolytes (20,
21) or catalytic electrodes supported on solid
polymer electrolytes (49, 50). Interested readers may wish to consult the references provided here to work beyond the scope and breadth
of this introductory discussion and identify addi-

tional candidate electrogenerative systems.
Platinum and palladium have been the catalysts
emphasised in work to-date but many possibilities exist for controlling selectivity with other
metals and different approaches (17, 30, 46,
48). Electrogenerative type operations would
seem to hold special promise for the future,
even with modest electrochemical energy recovery. They might alleviate future energy needs
while providing special advantages. With external electrochemical energy recovery, process
cooling costs for highly exothermic reactions
might be reduced (9). Basic research in this
area also offers the promise of providing a link
between heterogeneous gas phase catalytic systems and electrochemical syntheses (26, 27,
52). Further advances expectcd in the near
future, should stimulate other workers and planners to give serious consideration to electrogenerative or related electrochemical routes in
the processing industries.
Acknowledgements
We thank the National Science Foundation and
the University of Wisconsin for their long term support of this work as well as Eastman Kodak, Chevron
and Mobil Oil for more recent help. We also appreciate the loan of noble metal catalytic materials and
electrodes by Johnson Matthey. I am personally
indebted to many past students and visiting collaborators, most of whom are referenced here, for their
many contributions. Thanks are also due to Messrs.
Tri Duc Tran and Jongwook Lee for their suggestions and help with the Figures. The patents which
have been received on work from our laboratories at
Wisconsin have been assigned to the Wisconsin
Alumni Research Foundation. Figures 5, 7 and 8
and 10, are reproduced with the permission of the
relevant copyright holders, namely the American
Chemical Society, Butterworth Heineman, and
IUPAC, respectively.

References
W. R. Grove, Phil.
Phil. Mag.,
Mag., 1839, 14, 127; ibid.,
1 W.
1842, 21, 417; see also W. R. Grove, “The
Correlation of Physical Forces”, Sixth Edn.,
Longmans, Green and Co., London, 1874, p.271
Tobler, 2. Elektrochern.,
Elektrochem., 1933,
2 E. Baur and J. Tobler,
396, (3), 169
R.T. Ruggeri,
Ruggeri, R. C. Alkire, M. A.
3 T. R. Beck, R.
Stadtherr, N. L. Weinberg, “A Survey of
Electrochemical Processes”, Argonne National
Laboratory, ANUOEPM-79-5, November, 1979
4 D. K. Kyriacou, “Basics of Electroorganic
Synthesis”, Wiley-Interscience, New
New York, 1981

Platinum Metals Rev., 1992, 36, (4)

5 N. L. Weinberg and B. V. Tilak, ed., “Technique

of Electroorganic Synthesis”, Part I (1974), Part
I1 (1975), Part I11 (1982), “Techniques of
Chemistry Series”, Vol. V, ed. A. Weissberger,
Wiley, New York
6 S. H. Langer, J. C. Card and M. J. Foral, Pure
Appl. Chem., 1986, 58, (6), 895
7 S. H. Langer and J. A. Colucci, “Chemicals with
Power”, Chemtech, 1985, 15, (4), 226
8 S. H. Langer and G. P. Sakellaropoulos,
“Electrogenerativeand Voltameiotic Processes”,
Ind. Eng. Chem. Froc. Dev., 1979,18, (4), 457

212

9 S.H. Langer, R. H. Kilner, S. Floyd and R. M. 31 H. P. Landi, U.S. Patent 3,407,096; 1968; U.S.
Spotnitz, “Potential ElectrogenerativeProcesses”,
Parent 3,527,616; 1970
from Proceedings of the Symposium on 32 S. H. Langer and K. T. Pate, Narure, 1980,284,
“Electrochemical Process and Plan Design”, ed.
5755; US.Parent 4,321,313; 1982
R. C. Alkire, T. R. Beck and R. D. Varjian.
Proceedings 83-6,the Electrochemical Society, 33 M. J. Foral and S. H. Langer, Electrochim. Acta,
1991,36,299
Pennington, N.J., 1983,pp. 42-55
10 S. H. Langer, S. J. Pietsch and G. P. 34 S . H. Langer and K. T. Pate, Ind. Eng. Chem.
Proc. Des. Dev., 1983,22, 264
Sakellaropoulos, Energy, 1979,4,225
1 1 M. J. Schlatter, in “Fuel Cells”, ed. G. J. Young, 35 K.Jockers, Nitrogen, 1967,50, 27
Reinhold, New York, 1963,pp. 190-215
36 K. T. Pate and S. H. Langer, Environ. Sci.
Technol., 1985, 19, 371
12 G . R. Stafford, Electrochim. Acta, 1987, 32,
1137; G.R. Stafford, U.S. Patent 4,450,055; 37 T. J. Feely, III and B. D. Blaustein, “Advanced
1984
Physical Coal Cleaning“, Paper #1 of “Fossil Fuel
Utilization and Environmental Concerns”, A C S
13 “An Introduction to Fuel Cells”, ed. K.R.
Williams, Elsevier, New York, 1966
Symp. Ser., No. 319, 1986,pp. 2-20
14 H. A. Liebhafsky and E. J. Cairns, “Fuel Cells 38 A. T. Kuhn,3. Appl. Electrochem., 1971,1,41
and Fuel Batteries”, Wiley, New York, 1968
39 P. W. T.Lu, R. Flaherty and E. R. Garcia,
15 W. Vielstich, “Fuel Cells”, Wiley-Interscience,
“Recent Advances in Sulfur Dioxide Depolarized
New York, 1970
Electrolysis for Creating Chemical Resources”,
Proc. 16th Intersociety Energy Conversion
16 S. J. Pietsch and S. H. Langer, AIChESymp. Ser.
Engineering Cod., I, 1981,589-594
No. 185, 1979, p.51
17 J. A. Colucci, M. J. Foral and S. H. Langer, 40 S. I. Zhdanov, “Sulfur”, in “Encyclopedia of
Electrochemistry of the Elements”, IV,273-360,
Elecmchim. Acta, 1985,30, 1675
ed. A. J. Bard, Marcel Dekker, New York, 1975
18 M. J. Foral and S. H. Langer, 3. Electroanul.
Chem., Interfacial Elecmchem., 1988, 246, 193
41 S. H.Langer, M. J. Foral, J. A. Colucci and K. T.
Pate, Environ. Progress, 1986,5 , (4), 276
19 R. M. Spotnitz, J. A. Colucci and S. H. Langer,
Elecmchim. Acm, 1983,28,(8),1053
42 J. C. Card, M. J. Foral and S. H. Langer, EnVimn.
Sci. Technol., 1988,22, 1499
20 C. G. Vayenas, Solid State Ionics, 1988, 28-30,
1521
43 S.E. Lyke and S. H. Langer, Sep. Technol., 1992,
2, 13
21 M. Stoukides, Ind. Eng. Chem. Res., 1988, 27,
1745
44 S. E. Lyke and S. H. Langer, 3. Elecmchem. SOC.,
1981,138,1662
22 K. A. White, III and J. Winnick, Elecmchim. Acm,
1985, 30, 511; H. S. Lim and J. Winnick, 45 M. J. Foral and S. H. Langer, Electrochim. Acta,
3. Electrochem. Soc., 1984, 131, 562;J. Winnick,
1988,33,257
Chem. Eng. Prog., 1990, (l),41
46 S. H.Langer, M. J. Foral and J.C. Card, U.S.
23 S.H. Langer and H. P. Landi,3. Am. Chem.Soc.,
Patent 4,818,353; 1989
1964,86,4964
47 M. J. Foral, J. A. Colucci and S. H. Langer,
24 S. H. Langer, I. Feiz and C. P. Quinn, 3. Am.
Electrochim. Acta, 1985, 30,521
Chem. SOC.,1971 ,93, 1092;ibid., 1975,97,4786
48 G. P. Sakellaropoulos, in “Advances in Catalysis”,
25 S. H.Langer and G. P. Sakellaropoulos, 3.
30, ed. W. K. Hall and H. Pines, Academic Press,
Electrochem. SOC.,1975, 122, 1619
New York, 1981, pp.217-333
26 (a) K. Fujikawa and H. Kita, 3. Chem. SOC., 49 K. Otsuka, Y. Shimazu, I. Yamanaka and T.
Faruduy Trans. I, 1979, 75, 2638; (b) H. Kita,
Komatsu, Shokubai, (Catalyst Society of Japan),
Isr. 3. Chem., 1979,18,152; (c) H. Nakajima and
1989, 31, (2), 48
H. Kita,3. Chem. SOC.,Faruduy Trans. I, 1983,
50 K.C. otsuka,K. Hosokawa, I. Yamanaka, Y. Wada
79, 1027
. Am, 1989,34,1485;
and A. Mo~ikawa,llkfdm.
27 A. T.Hubbard, M. A. Young and J. A. Schleffel,
K. Otsuka, K.Ishizuka, I. Yamanaka and M.
3. Electroanal. Chem., 1980, 114, 273; A.
Hatan0,3. Elecnochem. Soc., 1991,138,3176
Wieckowsi, S. D. Roasco, G. N. Salaita, A. T.
Hubbard, B.E. Bent, F. Zaera, D. Godbey and G. 51 L. I. Griffin and C. H. Worsham, U.S. Parent
A. Somorjai,J. Am. Chem. SOC.,1985,107,5910
3,329,539; 1975; C. H.Worsham, U.S. Patent
3,247,084;1966
28 G.P. Sakellaropoulosand S. H. Langer, 3. Catal.,
1981,67,77
52 (a) M. D. Birkett, A. T. Kuhn and G. C. Bond,
“Catalysis”, Volume 6, ed. G. C. Bond and G.
29 S. H.Langer, A. D. Miller and S. J. Pietsch, 3.
Webb, p.61, The Royal Society of Chemistry,
Appl. Chem. Bwtechnol., 1977,27, 176
London, 1983;(b) Proceedings of Symposium on
30 J. A. COl~CCi-NO~
and S. H. Langm; J. A. COIUC~G
the Chemistry and Physics of Electrocatalysis,
Nos, “Kinetics and Electrogenerative Studies of
84-12 ed. J. D. E. McIntire, M. J. Weaver and E.
Nitric Oxide Electro-Reduction”, PhD Thesis,
B. Yeager, The Electrochemical Society,
University of Wisconsin-Madison, 1987,pp. 195Pennington, N.J., 1984
235

Platinum MefaLC Rev., 1992, 36, (4)

213

