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SYNOPSIS 

This report summarizes developments in polarography and voltammetry up to 1982. Modern electronic 
equipment and scanning waveforms are explained briefly. Extensive tables of recent inorganic applications, 
mainly in the geochemicai and metallurgical fields, are included, and show results based on the new 
approaches. 

SAMEVATTING 

Hicrdie verslag gee 'n opsomming van ontwikkelings in polarografie on voltammetrie tot 1982. Moderne 
elektroniese toerusting en aftasgolfvorms word kortliks verduidclik. Daar word omvattende tabelle van 
onlangse anorganiese toepassings, hoofsaaklik op geochciriese en metallurgiese terreinc, ingesluit wat resultate 
toon wat op die nuwe benaderings gegrond is. 
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1. INTRODUCTION 
New interest in practical poiarography can be traced to advances in theory, to improvements and 

simplification in the design of instruments, to the development of new techniques, such as differential-
pulse poiarography (DPP) and stripping voltammetry, and to the commercial availability of inexpensive 
automatic polarographs. The urgent need for the determination of trace elements at very low concentrations, 
particularly for the speciation of toxic metals in the environment, have resulted in the rapid advance of 
cyclic and stripping voltammetry. An entirely new polarographic methodology has appeared within the last 
decade. It is based «n certain theoretical advances on the old d.c. approach, which were not realized in 
practice formerly, either because of the non-availability of commercial equipment or because of its poor 
performance. Outside eastern Europe, poiarography reached its nadir about fifteen to twenty years ago, 
and was replaced in the inorganic field by atomic-absorption spectroscopy (AAS). Yet, even during this 
period of minimal practical application, theoretical electrochemistry was already reviving, and rapid advances 
in basic a.c, DPP, and linear-sweep voltammetry (LSV) were being reported. 

Modern poiarography is probably the most versatile of all analytical techniques. It is a sensitive and 
rapid approach, applicable in the inorganic field to many cations and anions. Conventional d.c. poiarography, 
cyclic voltammetry (CV), and LSV can be employed for mechanistic and kinetic studies of electrode reactions. 
Phase-selective a.c. and DPP can compete successfully with atomic-absorption and emission spectroscopy 
in the determination of many elements. An up-to-date polarograph can give a linear current-concentration 
response from 10 ' down to 10 " M. With differential-pulse anodic-stripping voltammetry (DPASV) from 
a thin mercury-film electrode (TMFE), many electroactive species of metals can be determined in 
concentrations of parts per billion (109). 

In spite of these favourable attributes, there is still a Worldwide reluctance to use these techniques. 
The problem of their acceptance, especially in South Africa, now appears to be one of communication 
and training. This report offeis an introduction to the subject. 

2. MODERN POLAROGRAPHIC EXPERIMENT 
Voltammctric analysis is concerned with the study of current-voltage-time relationships at a micro-

electrode. The term poiarography is usually restricted to applications in which the micro-electrode is a 
dropping-mercury electrode (DME). A steadily rising voltage is applied to the working electrode, the voltage 
range encompassing the electroreduction or oxidation potential of the analytical species of interest. Since 
the solution is quiescent, the working electrode becomes slowly polarized. Under this condition, mass transfer 
is mainly through convective diffusion. Polarograms obtained by simple linear d.c. ramp of the potential 
at the DME are given in Figure I 1 - 2 . The half-wave potential (£,/,) is a characteristic of the electrode 
reaction, whereas the limiting diffusion current (/i) is proportional to the concentration of the analytc element. 

The fundamentals and theory of the technique can be found in any of the earlier^""4 or more recent5 * 
treatises on instrumental or electrochemical analysis. The objeti of the present report is the discussion of 
new developments and the establishment of guidelines on the selection of instruments and the systematic 
application of modern polarographic methods. 

2.1. The Three-electrode Cell with Potentiostatic Control 
The modern three-electrode system consists of a DME (or other working electrode), a simple reference 

electrode (usually an Ag'AgCI/saturated KCl electrode), and an auxiliary electrode. The external circuit 
is arranged so that potential control is maintained between the DME and the reference electrode, but the 
cell current passes between the DME and the auxiliary electrode (Figure 2). In this system, the potential 
of the reference electrode is always equivalent to that applied by the source voltage to the positive input 
of the amplifier. The system permits the use of 

(1) supporting electrolytes with a wide range of resistances, especially the use of non-aqueous media, 
(2) a wider range of reference electrodes and cell configurations, and 
(3) isolation devices, particularly for trace analysis by stripping voltammetry. 
The third or auxiliary electrode can consist of any inert material, e.g. a mercury pool or a rod consisting 

of platinum, tungsten, or graphite. It is usually placed in direct contact with the test solution, since the 
quantity of material produced at this electrode by reduction or oxidation of the solvent is very small. 

2.2. Reduction of Dissolved Oxygen and Polarographic Maxima 
Oxygei. is reduced at the DME to give two waves covering the whole of the accessible potential-scan 

range (0 to - 1,8 V versus SCE). For all normal applications, oxygen must be removed completely from 
the electrolyte. This is usually achieved by the bubbling of high-purity nitrogen (cylinder gas tha, has been 
further purified by having been bubbled through vanadous sulphate solution) through the sample solution 

i 
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10-

Electrolyte: 
0,75 M H 2 S0 4 + 1.0M HCIO4 

< 
3. 

0 -0,5 

Applied potential, V versus mercury-pool electrode 

FIGURE 1. Calibration for the determination of molybdenum in steel' 2 

for up to 10 minutes. When the electrolyte is neutral or alkaline, it can be deoxygenated by the addition 
of sufficient solid sodium sulphite to the solution in the po'.arographic cell to make it about 0,1 M. 

Under the conditions applicable to earlier polarogranns, polarograms with maxima on the diffusion-
current plateaux were not unusual. These maxima were eliminated by the addition of very small amounts 
of a surface-active agent to the electrolyte, e.g. to gi' e a concentration of about 0,002 per cent of a long-
chain alcohol (Triton X-IOO). With modern polarographs, the maxima arc suppressed most easily by the 
use of short drop times (1,0s or less) and fast scan rates (IOmV/s or more). 

2.3. Choice of Solvent 
In inorganic electrochemistry water is the common solvent. For the DME in aqueous media, a definite 

potential scan range is available. Mercury cannot be made more positive than about + 0,25 V versus SCE 
because of the ease of its anodic dissolution. On the other hand, because of its high ovcrvoltage for hydrogen, 
the DME can be used as far as - 1,8 V in acidic media, and up to -2 ,3V in basic media. 

2 
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A High-gain, high-input impedance 
operational amplifier 

B Three-electrode cell 

Feedback amplifier 

S^ A Auxiliary 
electrode 

Source 
voltage 

Reference 
electrode 

DME 

Recorder 

FIGURE 2. Schematic diagram of a three-electrode system 

Non-aqueous solvents are normally chosen for the direct analysis of organo-metallic complexes in 
org.inic phases after liquid-liquid extraction. Apart from solubility considerations, the solvent must also 
provide adequate electrical conductivity and buffer capacity. Mixtures of water with alcohols (methyl to 
ethylene glycol), ethers (dioxane, tetrahydrofuran), and organic acids are among the most useful solvents. 
Li *, NH/ , and tetra-alkylammonium salts (to provide conductivity) are more readily soluble than Na + 

or K * in these mixtures. The negative potential range is then limited by the reduction potential of the alkali 
metal ion, where Li * ( - 2,31 V versus SCE) is the ideal choice. 

2.4. Choice of Supporting Electrolyte 
The shape of a polarographic wave or peak and its £,/, or peak potential (£'r) depend upon a number 

of conditions, the most important being 
(1) the nature of the electrode reaction, and 
(2) the composition of the supporting electrolyte. 

Thus, the slopes and degree of resolution cf two adjacent waves depend upon such factors as the kinetics, 
degree cf irreversibility, and number of electrons exchanged during their relevant electrode reactions. These 
parameters can be manipulated to a certain extent by tnc reduction of an interfering substance to a lower 
oxidation state, or by a change from a non-complex-forming solution to a complex-forming electrc'ytc. 
For inorganic electrochemistry, lists of E(/, or £ p values for many metal ions in a variety of electrolytes 
are given in the , ;*"\iture 4 '"\ These tables can be used in the identification of unknown waves or peaks 
in polarograms, and also in the selection of supporting electrolytes in which the sought-for species yield 
well-defined and well-separated responses. 

The following are typical examples based on the data given in Table 1. Thus, the determination of 
minor concentrations of Sbmi) in metallic lead is possible in 1 M hydrochloric acid, in which the wave for 
Sbdll) precedes that for Pb(il). However, the estimation of traces of PbdD in metallic antimony is better 
attempted in alkaline tartrate medium, in which a well-defined wave for Pbdi) is much in advance of an 
ill-defined double wave for SboiD. FediD, being reduced at zero potential, interferes with the determination 
of many other metals in most media. Therefore, in the determination of traces of these metals in a matrix 
containing iron (a common geochemica! problem), it is convenient for the Fedll) to be reduced to FedD 
with an electro-inactive reagent (hydroxylamine or ascorbic acid) in an electrolyte in which FedD is either 
not reduced or teacts at a much more negative potential. 

2.5. Choice of Scanning Mode 
With the simple d.c. linear scan, the /1 consists of both faradaic (derived from the redox couple) and 

non-faradaic (mainly charging current) contributions. In trace analysis, the non-faradaic current may well 
be larger than the faradaic and thus distort its measurement. Much research has been devoted to the 
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TABLE 1 

Effect of supporting electrolyte on Ev, values (versus SCE) 
of some common metal ions 

Element Electrolytes 

Sb(ill) 
Pbdl) 

Fed 11) 
Fedl) 
TId) 

; Pbdi) 
| CddD 
i SniiV) 
| Zndl) 

1 M hydrochloric acid 
-0 ,15 
- 0 , 4 4 

2 M HOAC + 2M HN 4 OAC 
> 0 

Not reduced 
- 0 , 4 7 
- 0 , 5 0 
- 0,65 
- 1 , 1 0 
-1 ,10 

0.5 M Na tartrate, pH value 8,5 \ 
1.0 1,2 

- 0,58 
1 M KSCN 

> 0 
- 1 . 4 

- 0 . 3 9 
-1 .18 
-0 ,35 
- 1.05 

elimination of the charging-current contribution from the readout so that the limits of detection of the 
method can be incieased. Most modern polarographic techniques (the various forms of pulse and a.c. 
potarography) are ingenious electronic approaches desgned to attain this goa'. Each scanning mode will 
be dealt with in more detail in la:er sections. 

2.6. Methods for the Determination of Concentrations from Limiting or Peak Currents 
Former difficulties encountered i.i the measurement of step heights of deformed waves on d.c. 

polarograms have now been overcome. There is little to recommend the use of the ordinary or sampled 
d.c. wave for quantitative polarography when rapid-scan, a.c.. and differential-pulse (DP) modes (which 
give a readout in the form of a peak and discriminate against the charging current; are available with all 
modern polarographs. Difficulties that persist, particularly in tr»,-: analysis for traces o\' inorganic constituents, 
are sloping base lines and the resolution of adjacent peaks. The former ate prevalent at the extremes of 
the potential range ol the DME, and for some carbon and graphite electrodes (Figure 3). 

In the absolute method, the concentration of the analyte is obtained by first principles by use of the 
llkovic. C'ottrell, or other theoretical equation appropriate to the chosen working electrode and scanning 
mode. Little used for routine work, this procedure can be employed in the analysis of special reference 
materials. 

Comparative methods for the determination of concentrations are used in all routine applications. They 
are applicable to electrode reactions tor which the relevant theory is entirely unknown. The use of graphs 
of wau 1 or peak height versus concentration is very satisfactory lor the determination of analyte elements 
that aie present in high concentrations, when correction for a blank value is often not necessary. For routine 
work over a long period, reealibration with a single standard solution is all that is required. The method 
of standard (or spike) additions assumes that the graph of concentration versus current is linear, an 
assumption that must be verified if a single standard addition is used. In this instance, the concent ration 
of t h ' analyte is cal ulated from the normal equations lor standard addition. l o r a single important 
determination, a sequence of standard additions can be made and the concentration intercept deiermined 
.graphically, or a least-squares regression equation and a programmed microprocessor-controlled pobrograph 
can be used. This approach is time-consuming but yield-, the greatest accuracy under difficult conditions 
and for the analysis of trace elements. Finally, for the routine control analyse of long runs of replicate 
materials, a standard reference material is subjected to the same analytical procedure and wave or peak 
heights are compared. This method depends upon the availability of a reference sample of accepted 
concentration that closely resembles the unknowns. 

3. ADVANCES IN d.c. POLAROGRAPHY 
3.1. Rapid d.c. Polarography with Short. Controlled Drop Times 

In all modern polarographs, drop control is effected by an electronically activated mechanical drop 
knocker or hammer. With this facility, drop times can be shortened to a few milliseconds if desired. For 
very short drop times, the DME develops special favourable characteristics: 

(1) polarographic maxima are suppressed and the use of surface-active agents is not required"; 

4 
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PARC equipment: 
SMDE electrode 2M acetic acid + 2M ammonium acetate 
Drop time i,05s 
Modulation amplitude 25 mV 
Scan rate 10mV/s 

Metal concentration 800 p.p.b. 

— T i r ~ i 1 1 1 1 1 1 1 1— 

+ 0,15 -0,05 -0,25 -0,45 -0,65 -0,85 -1,05 

Applied potential, V versus Ag/AgCl/saturai-d KCI electrode 

FIGURE 3. Simultaneous determination of copper, lead, cadmium, and zinc in electrolytic 
manganese dioxide by differential-p-jlse polarography 

(2) ill-defined curves found at natural drop times are simplified because of the elimination of catalytic 
or kinetic waves" 1 2 ; 

(3) the inhibition of an electrode reaction due to absorption of electro-inactive species is eliminated"; 
(4) the formation of insoluble reaction product? (e.g. mercury compounds during anodic polarography) 

is eliminated14; and 
(5) current fluctuations are reduced, and recorder damping is therefore not required because very little 

time is available for the growth of each mercury drop; contrary to statements in earlier texts, modern 
work" 1 * has shown close correlation with theory for drop times down to the millisecond region. 

Overall, the technique17 is an attractive advance in conventional d.c. polarography that has no: yet 
been sufficiently exploited. 

3.2. Current-sampled d.c. Polarography 
For the DME, the faradaic current increases during the life of the drop (A «C/1/*), whereas the 

charging current decreases after the first few milliseconds (hat 'A). Therefore, ratios of faradaic current 
to charging current are most favourable at the end of the drop life (A/A - kCí^). Such optimization can 
be achieved oy the recording of the current flowing through the cell only at the end of the drop life (e.g. 
for the last 5 to 20 ms of a 1 to 5 s drop). This facility is available witn modern polarographs through 'sample 
and hold' circuits and electronic timing. The technique is also called strobe or Tast polarography. 

The increase in sensitivity is minimal. The real improvement is in the quality of the readout (Figure 
4). The serrations present on a normal d.c. polarogram due to the sequence drop fall-drop growth are 
virtually eliminated. Smooth curves of current versus voltage are obtained without current damping. 
Polarograms are easier to evaluate, and the results are more readily converted to digital format and are 
more easily processed by a microcomputer. The current-sampling period is usually fixed on commercial 
polarographs and occurs immediately prior to drop fall, Using PAR equipment, Bond and his co
workers'" " 2 n compared the performance of Tast and derivative Tast polarography with normal d.c. and 
DPP, and confirmed the theory of current-sampled d.c. polarography. 
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1 0 J M C d i n IM KNO3 
Drop time 3,0 s 
Current sampling time 500 ms at end of drop life 

A - normal d.c. readout 
B = current-sampled d.c. 

-0,44 -0,52 -0,60 -0,68 

Applied potential, V versus SCE 

FIGURE 4. Comparison of readouts for controlled drop time d.c. polarography 

4. NEW WORKING ELECTRODES 
4.1. Princeton Applied Research (PAR) Model 303 Static Mercury-drop Electrode (SMDE) 

In this electrode21, as in the conventional DME, mercury flows from an overhead reservoir through 
a capillary to form a drop. However, the mercury flow is not continuous. Drop ' xmation is controlled 
by a valve (with variable opening times in the range 50 to 200 ms) that dispenses drops of three sizes as 
chosen by the operator. The use of a wide-uore capillary allows the mercury drop to grow rapidly when 
the valve is open. The valve is then closed and a stationary mercury drop is held at the tip of the capillary 
for a preset period before being mechanically dislodged. The operational sequence is shown in Figure 5, 
in which rhange in drop area with time is compared with that for the conventional DME. The average 
current over the life of a drop at the SMDE depends on a complex interaction of experimental parameters 
and, in particular, on the relative duration of dispensing and static periods. The theory of this electrode 
is still being investigated22"24. 

4.2. Solid Electrodes 
The utility of electrodes other than the DME is defined mainly by tne available range of anodic potential. 

The theoretical limit in aqueous solution is given by the background reaction for the oxidation of water 
(in which £ = 1,23 - 0,059 pH), but in practice there can be considerable over and under potentials (Figure 
6). Solid electrodes vary in shape (unlike the DME, which is spherical), and are commonly cylinders (wires 
or rods), or discs (either stationary or rotating) with a circular active area. 

4.2.1. Noble Metals 
Noble-metal electrodes are normally used for anodic oxidations. Their main disadvantage is a 'memory-

effect', and they require electrolytic conditioning for the restoration of their surfaces after each test2'. In 
addition, plating of the analyte metal onto their surfaces changes their characteristics. The theoretical anodic 
ranges for platinum and gold are considerably reduced in practice owing to the formation on their surfaces 
of chloride and oxide films. 

6 
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a. o 
DME 

Time 
End 

dispense 

a. o 
Start dispense 

SMDE 

Time 

I I 

/ = period of measurement in ordinary d.c. mode 
/,= period of measurement in sampled d.c. mode 

FIGURE 5. Schematic diagram showing curves of area versus time for the DME and SMDE 

4.2.2. Carbon and Graphite 
Carbon and graphite electrodes were introduced in the 1950s and are now in common use. Their 

advantage is that the surface can be continually renewed by polishing, or merely by wiping. Uncoated graphite 
or carbon rods are practically useless, since they give 'memories' due to diffusion of the analyte solution 
into their pores, and very high background currents due to the reduction of oxygen in their pores. 

Simple graphite-rod electrodes are normally coated or impregnated, ideally under vacuum, with hot 
organic sealers for insulation26 ,27. Carbon-paste electrodes27,28 consist of graphite powder mixed with a 
water-immiscible organic liquid, with the paste tamped into a well at the bottom of an inert plastic rod. 
Nujol, bromonaphthalene, or methyl silicone is the pref ;rred diluent29. The surface of these electrodes is 
easily renewed but is not very reproducible. In their latest form, the holder is an inert cylinder from which 
the paste can be extruded with a piston30 (commercially available as Metrohm EA 267). 

Carbon-disc electrodes are most suitable for easy and reproducible renewal of their surfaces, which 
must be prepared initially by extensive, careful, mechanical grinding. The preferred material is pyrolytic 
graphite or glassy carbon (first introduced in the mid-1960s). The properties and use of glassy carbon have 
been reviewed",32. Both stationary and rotating glassy-carbon disc electrodes" are available commercially. 
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H }P04 Other Hydrochloric 
acids acid 

Anodic 

T 
+ 1,5 —r 

+ 0,5 

T 
+ 1,0 +0.5 0 

Applied potential, V versus SCE 

0,5 1,0 

1. Pt 
2. Au (2* = theoretical anodic range for Au) 
3. Wax-impregnated graphite 
4. Wax-impregnated carbon 
5. Carbon paste 
6. Pyrolytic graphite 
7. Glassy carbon 

FIGURE 6. Available potential ranges for some solid electrodes n aqueous solutions 

4.2.3. Other Materials 
Work continues on later forms oi earlier electrode materials (carbon fibres, graphite cloth, and 

chemically modified graphite electrodes \ and on alternative electrode materials. The limits of anodic potential 
for a large number of materials have been determined by Alder and his co-workers'4. Carbides of boron, 
chromium, and tungsten are potentially useful. Boron carbide has a very favourable range ot potential 
( - 1,3 to 0,9 V versus SCE in 1 M sulphuric acid), and a greatly decreased chemical activity when compared 
with ordinary graphite. First used in 1960, it has reappeared as the synthetic Russian material carbosital", 
which is pyrolytic graphite with a boron content of up to 5 per cent. 

Oxide-coated electrodes (W2O5 on tungsten, IrP2 on iridium, TiOz on gold, MnOj on platinum, Sn02 
on indium, and Pb02 on titanium or carbon paste) are suitable for special applications such as with strong 
oxidants, e.g. Cnvi), or for the determination of complex-forming agents. They have a low background 
current, and can have a wide anodic range (up to + 1,9 V for the Pb02-coated carbon-paste eleclrodc in 
0,5 M sulphuric acid 3 6). 

8 
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5. LINEAR-SWEEP VOLTAMMETRY AND CYCLIC VOLTAMMETRY 
Linear-sweep voltammetry (LSV) and cyclic voltamn.^try (CV) are based on the rapid linear sweep 

of the potential range. Wnen these techniques are applied to the DME, the chosen potential range is covered 
during the lifetime of one drop, which is usually relatively long. The technique was originally called 
oscillographic or cathode-ray polarography, because an oscilloscope was required to record the current-
voltage peak before the advent of fast-response X-Y recorders. Since the theory a.v.umes negligible drop 
growth during the sweep time, the approach is sometimes called stationary-electrode polarography. 

If, a' the end of the linear potential ramp, the scan direction is reversed and the potential returned 
to the starting value, the material reduced during the forward sweep can Le re-oxidized on the return scan. 
With, the use of a triangular \ oltage generator, the potential can be continuously switched from the forward 
to the reverse mode to yield a technique known as cyclic voltammetry. It is a very valuable technique for 
the elucidation of electrode mechanisms. 

5.1. Synchronization of Sweep Tim3 at the DME 
The sweep must start at an accurately fixed time after initiation of the drop and be completed before 

the drop falls. Therefore, the timing circuit must be activated by the fall of the drop. It must also introduce 
a delay period and initiate, in turn, the fast linear potential scan. With all modern polarographs, this sequence 
is controlled electronically, often with a plug-in waveform generator activated by the drop knocker. 

5.2. Stationary-mercury and Solid Electrodes 
These techniques (LSV and CV) are usually applied to the hanging mercury-drop electrode (HMDE), 

which achieves genuinely stationary-electrode conditions. However, all the solid electrodes already described 
(platinum, gold, rhodium, iridium, silver, carbon, or graphite) have been used. Their advantages and 
disadvantages in this context are covered in the l i terature ' 4 1 6 5 7 . 

5.3. Interpretation of Cyclic. Voliammograms 
In I.SV and C'V, the degree of reversibility of the electrode reaction is qualified by the scan rate. In 

this context, reversibility means that the rate of electron transfer (*\) is considerably faster than the chosen 
potential scan rate. A cyclic voltammogram for an electrochemically reversible system is shown in Figure 
7. It is characterized by equal peak heights for the reduction and oxidation processes. The maji r advantage 
of cyclic voltammeiry is its great diagnostic value. An ability to describe the kinetics and degree of reversibility 
o( the electrode reaction undergoing study is the prime skill of the polarographer. Some diagnostic criteria 
are given in Table 2, and a few recent mechanistic studies are detailed in Table 3 1 S ~ 5 S. 

5.4. Quantitative Analytical Applications 
Cyclic voltammetry is not needed for quantitative analysis since the necessary values can be obtained 

from values of / P A or / p . a . For the reversible process, both /„, t and / p . a are proportional to the concentration 
of the analyte ion, and plots of /„ versus C should be linear. There are complications when the reaction 
is irreversible or when the reduction process undergoes a coupled chemical reaction (when /p><. is not equal 
to f"p,a in both instances), or when the reactants or products are adsorbed onto the electrode (with double 
peaks and / p proportional to u). However, these difficulties can often be avoided by use of the reverse 
(anodic) scan, rather than of the more usual forward (cathodic) scan. 

Rapid LSV is much favoured by the Russians for on-line plant analyses, and some applications are 
given in Table 3. 

6. PULSE POLAROGRAPHY 
The several forms of pulse polarography59 (normal, derivative, and differential) were developed as 

ingenious electronic methods of improving the ratio of faradaic to charging current in the signal. In all 
forms, a single pulse per mercury drop is applied to the system late in the life of the drop. 

6.1. Normal-pulse Polarography 
Potential pulses of gradually increasing amplitude are applied, starting from an initial potential at which 

no current flows (Figure 8). The pulses are always applied at the same time in the life of the drop, so that 
the electrode area is constant within the precision of electronic synchronization. It is assumed that, 
approximately 40 ms after the application of the pulse, the charging current (/c) has decayed almost to zero. 
Hence, the total current is measured towards the end of each pulse and is almost entirely the faradaic current 
{/,). When the current is measured over a finite period and integrated electronically, the technique is sometimes 
called integral-pulse polarcgraphy. 
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£p.c £P,a Cathodic- and anodic-peak potentials 
/„,t /p., Cathodic- and anodic-peak currents 
fp.i. 2 Cathodic half-peak potential 

(potential at half-peak height) 
£,/, Conventional half-wave potential 

(calculated to fall 85,2 per cent of the way up the wave) 

FIGURE 7. Idealized cyclic voltammogram for a chemically reversible redox process 

TABLE 2 

Characteristics of the electrochemical reduction process at a planar electrode 

Reversible Irreversible 
£ p independent of scan-rate and given 

by: 
£ p = Ey, -\,\RT/nF 
£ P - £ p / 2 = 0,057/n 

Peak current given by: 
/ p = knhA DV: v'/2 C 
Ep,, - £ p , a = il/n mV at 25 °C 

£ p becomes more negative with increase 
in scan-rate 

£ p - £ p / 2 = 0,048 /an 

Peak current given by: 
/ p = k {an)V: A D l / : v]/l C 
£p, t - £p,a a function of A\ and v 

a Transfer coefficient for ihe reduclicn process 
l' Potential scan rale 
A Area of the cleclrode 
D Diffusion coefficient of analyte ion 
C Concentration of analyte ion 
kt Rate of electron transfer 

There are two types of instruments: one in which the output is simply the current measured at a selected 
time after pulse initiation (normal-pulse polarography), and the other in which the output is the difference 
between the current measured just prior to pulse application and the current measured as in the first instance 
(derivative-pulse polarography). The second type is better because it subtracts d.c. effects from the readout. 
For both instruments, the output is a si^moidal curve similar to the current-sampled d.c. poiarogram (B 
in Figure 4). 
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TABLE 3 

Analytical applications of linear-sweep and cyclic voltammetry 

" 
Drop time 

Scan or 
sweep rate Ref. 

Element Concentration Matrix Technique Electrode s mV/s no. 
Cd, Pb 0,001 M OP DME 5,0 500 to 3000 38 
Cu 0,1 to 0,5 % Steel OP DME 10,4 1000 39 
Fe 0,1 to 2/xg/g T1O2 CRP DME 9 250 40 
Ga 0,4 g/1 Al 2 (S0 4 ) j 

solutions 
OP DME 8,0 41 

H 2 0 2 1M Pickling 
baths 

LSP Glassy 
carbon 

200 to 2000 42 

Mo(Vi) 3 x 10" 9 M Serum, 
plasma, 
urine 

CRP DME 8,68 250 43 

Mo(Vi) Mo 0,34% Steel OP DME 20 250 44 
Tiov) Ti 0,5% 
Moivi), W(Vi) Down to 

5 x l 0 " 7 M Mo 
l x l O ' M W 

Natural 
waters 

OP DME 15 100 45 

Motvi), W(Vi) 5 x l O ~ 4 M to U-plant OP DME 250 46 
Ti(iV), Nb(V) l x l O - ' M solutions 

Nitrite 10 "to I 0 ~ 5 M LSP HMDE 50 47 
Nitro p.p.m. range Explosives CRP DME 9 250 48 
compounds 

Pd 1 to 6 % Oxides of 
In, Cd, Al 

CV Graphite 
paste 

40 49 

Pd 0,3 g/t Ores LSP 50 
s2- 1 to 90 g/1 Flotation 

pulps 
LSP SPE 51 

SedV), TedV) Down to 
0,005 /zg/ml 

Polymetallic 
ores 

OP DME 4,2 1000 52 

SnitV), Pb(ii) 1,5 x 1 0 ' 4 M CV HMDE 41,7 53, 54 
Snov) 0,0008 to "*% Ores, non-

ferrous metal 
products 

OP DME 1 to 7 55 

sol Cr-plating 
baths 

OP DME 56 

Te 10 to 700^tg/g Brass, cast 
iron 

CRP DME 9 250 57 

' IJ'IVI) 1 0,01 to 8% Ores CRP DME 7 300 58 

technique: ( RP Cathode-ray polarography iilectrodcs: D\\\\ Dropping-mercury electrode 
CV Cyclic voltatnmctry HMDI Hanging mercury drop electrode 
ISP I inear-swecp polarography SPF Stationary platinum micro-electrode 
OP Oscillographic polarography 

6.2. Differential-pulse Polarography 
In DPP, a shallow d.c. rainp is applied to the DMF.. Near the end of each drop life, which is relatively 

long (0,5 to 2 s), a small pulse (with an amplitude of 25 to 50 mV) is superimposed on the ramp for an 
appreciable time (50 to 100ms). The output is the difference in current measured before and after the 
application of the pulse (Figure 9). A peak-shaped readout (Figure 3) is obtained, with the peak potential 
(/•',,) close to the Ey, value of the classical current-voltage polarogram. The peak current (/p) is directly 
proportional to the area of the electrode, the amplitude of the pulse, and the concentration of the analyte. 
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20 ms 

i p = duration of pulse 
/dp = drop time 
id = delay time before current sampling 
r, = period of current sampling 
A = faradaic current 
/ c = charging (capacitive) current 

FIGURE 8. Relation between potential and time and between current and time during pulse 
application for the PAR 303 SNIDE 

6.3. Analytical Applications 
The modern combination of the three-electrode cell and DP scanning has led to a remarkable upsurge 

in analytical applications, and methods have been published for almost every electro-active clement in 
inorganic chemistry. A selection of recent procedures is given in Table 4 6 0 " ' , 6 . 

7. SINUSOIDAL a.c. POLAROGRAPHY 
Any periodic voltage waveform (sawtooth, triangular, square-wave, or sine-wave) can be used in the 

technique knowr as a.c. polarography. Sinusoidal a.c. polarography is a common modem form 
in which a small sinusoidal a.c. potentia! of fixed frequency and amplitude {AE = 10 to 50mV) is 
superimposed on the usual potential ramp used in d.c. polarography (A in Figure 10)1 A n. Sinusoidal a.c. 
polarography gives optimum analytical performance with reversible processes, and the degree of reversibility 
must therefore be del ned more rigorously than usual. The governing parameter is the frequency, and, over 
the wide range available, an electrode reaction can be reversible at low frequency (say 20 Hz) and irreversible 
at a much higher frequency (say 1000Hz). From modern theory 8 1 < 7 1 " ' , / p i s linearly dependent on 
concentration, area of electrode, A£, and n2 (in d.c. polarography, A is proportional to n). Reversible 
three-electron reductions, such as for Inoii), Sbdii), and Bidii) in hydrochloric acid, arc therefore among 
the most sensitive i.i a.c. polarography. 
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0 

Combined 
currents 

^ - Time 

Time 

= rest time between pulses (i.e. pulse modulation) 
= duration of pulse 
= clock time = tp + t, 

d» = delay time before current sampling during a pulse 
m,i = f.n,2 = intervals in current sampling 

AH = amplitude of pulse 
A/ = differential pulse current 

FIGURE 9. Principles of differential-pulse polarography using the PAR 303 SMDE 

7.1. Fundamental-harmonic a.c. Polarography 
In fundamental-harmonic a.c. polarography, after the d.c. component has been filtered out, the 

alternating current (L,), whose frequency is the same as that of the applied alternating potential, is measured 
as a function of the d.c. potential. The readout is a peak-shaped curve (B in Figure 10), with Ep corresponding 
approximately to the £,/, of the classical, reversible polarogram. 

7.2. Second-harmonic a.c. Polarography 
In second-harmonic a.c. polarography, the fundamental harmonic current also includes higher-order 

components at frequencies that are integral multiples of the fundamental frequency. By the development 
of appropriate detection systems, second-, third-, and higher-harmonic a.c. polarograms can be 
recorded1'9 l f i l (Cin Figure 10). The ratio of faradaic to charging current is very favourable for the higher 
harmonics because the / c component contains very little contribution by the higher harmonics. 
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TABLE 4 

Some recent practical applications o/ pulse polarography at the dropping-mercury electrode 

Ref. 
Element Concentration Matrix no. 

AI 10 ' M Waters 60 
Asoii) 0,2% Steels 61 
As(lll) 0,004 to 0,16% Bronzes 62 
Asdii), As(V) Down to 1 fig/g Semi-conductor silicon 63, 64 
As(iii), As(V) Down to 10 p.p.b. Water 65 
Au* p.p.m. range Ores 66 
A u ' + and total 4 to 17g/l total Au Hard gold-plating baths 67 
Bi(iii), Au Down to 0,1 p.p.m. Copper 68 
Cd p.p.m. range Sphalerite ores 69 
Cd <0,05 to 10 p.p.b. MnS0 4 solutions 70 
Cd, In, Te Dilute to 10" 5 M CdIn 2Te 4 

71 
Cá, Pb, Fe, Zn. Cu, Mn p.p.m. range Plant material 72 
Cd, Cu, Pb, Sb, Ni, Tl p.p.m. to g/I range 300 to 400g/I ZnS0 4 electrolyte 73 
Cd, Cu, Pb, Zn Up to 31% Non-ferrous smelter products 74 
cio 2 

0,5 to 35 p.p.m. Industrial solutions 75 
Co 250 p.p.m. Chromites 76 
Co, Ni 5 to 250 p.p.b. Reactor waters 77 
Co, Zn p.p.b. range Mn nodules 78 
CN" 0,001 to 0,01 M Effluents 79 
CN" 0,03 to 0,9 g/I Petroleum-plant effluents 80 
CN" and 6 heavy metals <0,1 p.p.m. Electroplating-bath effluents 81 
CN , S- p.p.b., p.p.m. range Waste waters from lignite plant 82 
Cr 0,2 to 0,5% Al alloys 83 
Cu % range Alloys 84 
Cu, Pb, Zn Low p.p.m. range Wines 85 
Cu, Pb, Sb 0,25 to 250 p.p.m. T i 0 2 86 
Cu, Cd, Pb, Tl 10 7 M range In 87 
CS 2 Down to 1 p.p.b. Waste waters 88 
Eu 0,2 to 0,9% E u 2 0 , Rare-earth phosphates 89 
Fein», Fedll) p.p.m. range Standard rocks 90 
Fedil) 0,:: p.p.m. Solar-grade silicon 91 
Fe (total) 0,002 to 1 % Non-ferrous alloys 92 
Ga, In 50 p.p.b. Synthetic mixtures 93, 94 
Ge 10% Ag-Ge alloys 95 
In Down to 50 p.p.m. Metallurgical products 96 
In 2,5 to 20 p.p.m. Ingot Zn and Zn alloys 97, 98 
In Down to 10 p.p.b. High-purity Al 99 
Ir 10~ 7 to 1 0 " M Ores 100 
IO, , I 0 4 , BrOf 1 0 7 M Synthetic solutions 101 
Mn > 5 x 10 '% Steels 102 
Mo 0,001 to 5% Steels 103 
Mo p.p.m. range Steels 104 
Mo 3 to 100 p.p.m. Silicate rocks 105 
Mo 0,15 to 0,3% Steels 106 
Mo > l % Steels 107 
Mo p.p.b. range Brines 108 
Mo Down to 25 p.p.m. W 109 
Mo Down to 100 p.p.b. Solar-grade silicon 110 
Mo, Ti, W 3 to 35% Al-Mo, W-Ti alloys 111 

* Carbon-paste electrode 
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TABLE 4 (continued) 

Ref. 
Element Concentration Matrix no. 

Nb 0,005 to 0,1% Steels 112 
Nb, Ti 0,4 to 8% Zn alloys 113 
NOj", nitrophenols 0,5 to 100 p.p.m. Effluents, soils, fertilizers 114 
NH} + , primary amines p.p.m. range Effluents, process streams, fertilizers, brines 115. 116 
Ni p.p.b. range Natural waters, plants 117 
Ni p.p.b. range Ash 118 
Ni 1 to 5% Steels and Ni ores 119 
Ni, Pb, Sn, Zn 0,02 to 27% Cu-base alloys 120 
P Down tc 5 p.p.b. Semi-conductor Si 121 
Pb, Cniii) 1 0 ' M 200 g/I NÍSO4 electrolytes 122 
Pddi) Down to 5x 10 7 M Electrochem. study 123 
Pt 0,1 to 0,9 p.p.m. Ores 124 
Pt 0,5o/o AÍ2t>3-based catalysts 125 
Pt, Rh 0,0006 to 0,3% Ag-Pt-Pd-Rh-Au alloys 126 
Rare-earth elements 1 to 200 p.p.m. total REs Process solutions 127 
Rare-earth elements 0,2 to 0,6 p.p.m. Sm, Ce, 

or Er 
Synthetic solutions 128 

Re 0,5 to 4,5% W-Re alloys 129 
Rh p.p.m. range Ni mattes 130 
Sb 17 to 18% Sb-Bi-Te-Sn alloys 131 
Se <0,5 p.p.m. Soil extracts 132 
S.- 7 p.p.b. Mine waters 133 
S-, Te, Bi Down to l x 10" '% Aluminium 134 
Si 0,002 to 1% Steels 135 
Sn 0,001 to 0,02% Zn-AI alloys 136 
Sn 0,002 to 25% Cu, Al, and Zr-base alloys 137 
Sn 50 p.p.m. to 0,01% Non-ferrous metal products 138, 139 
S4O62- l - S x I O ' M 1 140 
SCN" t 0 , 1 - 4 x 1 0 - ' M 141 
SCN 5 x I 0 " M f Synthetic solutions 142 
SCN 4 x 1 0 3 M to 1M ) 143 

soi p.p.m. range Alkaline waste waters 144 
Thiourea 10 -} to 1 0 ' ? M Ni-plating electrolytes 145 
TI p.p.m. range Cd salts 146 
Vivo p.p.b. range Natural waters 147 
U(VD and tot il U 0,003 to 3% Rocks and ores 148 
U(Vi) Down to 1 p.p.b. Waters 149 
U(vi) Down to 1 p.p.m. Ores 150 
U(Vi) 0,1% Bismuth 151 
V<ni), V(iV) 1 to 50% Spinels, glasses Í52 
V(V), Moivi) 10~*M range Synthetic mixtures 153 
Zn 0,01 to 0,6% Furnace-flue dusts 154 
Zn j 1% Lubricant additives 155 
Zr | 0,8% Mg alloys 156 

+ Slalionary platinum micro-electrode 
Rlis Rare earths 

7.3. Phase-sensitive Fundamental a.c. Polarography 
In phase-sensitive fundamental a.c. polarography, the / c component of the total cell current increases 

linearly with A£ and w, and leads the input a.c. voltage by 90°. By comparison, the A component is 45° 
out of phase for reversible processes. The A component is zero at 0 and 180° relative to the applied a.c. 
voltage, when the signal consists solely of ± v2/2 of the A component. Circuits can be developed for use 
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c <u 
o a. 
-o 
M 
"o. o. 
< 

Time 

2,0 jiA 

V versjs Ag/AgCl 

5 x 10 4 M Cd in 1 M hydrochloric acid 
AE = 5mV 

I 1 1 

-0,5 -0,6 
V ver«''s Ag/AgCl 

— i — 
0,7 

FIGURE 10. Sinusoidal a.c. waveform (A), fundamental-harmonic (B), and second-harmonic (C) 
a.c. polarograms (after Bond") 
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in the measurement of the total cell current at favourable phase angles and for discrimination against the 
/ c component. However, the optimum phase angle must be determined experimentally since A. and / f 

components as a function of phase angle show non-ideal relations, mainly because of resistance in the cell 
(a three-electrode cell being obligatory). 

The great advantages of phase-sensitive a.c. polarcgraphy over the normal harmonic mode are increased 
precision and accuracy at lo" concentrations of analyte. The absolute limits of detection are about IS to 
20 tines lower, this being ci .irely due to the elimination of the A. component. 

7.4. Analytical Applications 
Sinusoidal a.c. polarography is one of the most widely used a.c. techniques. A monograph by Breyer 

and Bauer161 surveys the surge in development and applications up to the rrid-1960s. More recent work 
has been dominated by the use of the phase-selective mode. For this, the circuits are available either built 
into polarographs or as inexpensive accessories (lock-in amplifiers). 

Some important facets of the theory provide the following unique possibilities for practical work: 
(1) discrimination against the highly irreversible reduction of oxygen in acidic solution"2 '**, thereby 

eliminating the necessity for de-oxygenation with nitrogen, 
(2) discrimination against the irreversible ieduction wave for hydrogen ion (e.g. Zn can be determined 

in acidic medium""5, which is not possible by d.c. or PPP), 
(3) general discrimination against quasi-reversible and irreversible waves for other reducible species, 

e.g. uranium and lead can be determined in the presence of irondii)1**, and tin in the presence 
of tungsten and molybdenum"1 , and 

(4) in general, a.c. methods tend to be more specific than the corresponding d.c. or DP modes owing 
to this ability to discriminate against irreversible processes, which is particularly advantageous for 
complex matrices and for on-line applications. 

Selected recent a.c. methods are listed in Table 5. 

TABLE 5 
Some recent procedures bused on sinusoidal a.c. polarography 

. . . J Ref. | 
Element Concentration Matrix no. | 

Au 2 to 100 p.p.m. Copper 168 
Bi 50 p.p.m. Ores 169 
Br Down to 1 0 " M Blood, urine 170 
Cniii) Theoretical study in presence of V(V) 171 
Cr Down to 0,2 p.p.m. Tungsten 172 
Cu, Co, Ni 0,001 to 4% Zn products high in Fe 173 
Cu, Pb, Cd, Zn 5 x 1 0 'M Pond sediments 174 
Cu, Mn, Zn I to 70 p.p.m. Petroleum brines 175 
Cu, Pb. Sn 1 0 " to 1 0 " M Biological samples 176 
Eu(iii) 2 x 1 0 "M Theoretical study in presence of other 

rare-earth elements 177 
L'in III» 10 - to 10 , < ro Rare earths 178 
Fciiii) 0,002 to 0,02 p.p.m. Drinking and river waters 179 
Fedi), Feslll», total Fe 1,9 to 9,5% USGS standard rocks 180 
Ge<iv> 10 to 20% Ag-Ge alloys 181 
Mo(VD 30 p.p.b. Silicate rocks 105 
Ruilii), RudV) 10 4 to 10 'M Theoretical study of complexes 182 
SbiP'i p.p.m. range Natural waters 183 
Snu\) 0,08 to 1,8% NBS alloys 137 
SmiV) 0,003 to 0,16% Silicate rocks 184 
SndV) Down to 5 p.p.m. Tungstic ores 167 
Surface-active agents 10 4 to 10 "M Synthetic solutions !85 
Tl 0,5% Cd, Cu, Zn concentrates 186 
U(iV). U(Vl) 0,3 to 27% Ores and minerals 166 
U(\i) 0,02 to 0,3% Quartzitic ores 187 
Uivi) p.p.b. range Seawater 188 
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8. STRIPPING VOLTAMMETRY 
Stripping voltammetry generates an extremely favourable ratio of faradaic to charging current by non

electronic means. Anodic-stripping voltammetry (ASV) is the common mode. It is a combination of two 
stages: 

( D a pre-electrolysis or deposition step, during which metal analytes in trace concentrations are reduced 
potentiostatically to produce either an amalgam (mercury electrodes) or a metallic deposit (solid 
inert electrodes), and 

(2) a stripping step, during which the reduced elements are stripped from the electrode (oxidized back 
into solution). 

Deposition is carried out for a fixed period under rigidly controlled experimental conditions from a 
stirred solution or with a rotated solid electrode. The stripping process is effected by an anodic potent iometrie 
scan (linear d .c , a .c , pulse, or DP) into a qu.escent solution. This step is the opposite to that of cathodic 
reductioi. :n ordinary polarography. Therefore, the selected stripping waveform confers the same advantages 
or disadvantages, except that the readout always has the form of a peak. The area of the current peak 
is proportional to the concentration of the corresponding element in the sample, and the peak potential 
gives a qualitative identification of the element. 

Because pre-electrolysis is a concentration step and some stripping waveforms confer excellent signal-
to-background ratios, the limits of detection can be very low and are determined mainly by the degree to 
which reagents can be purified (blank values). For favourable elements such as cadmium and lead, the limits 
of detection are among the lowest available for any instrumental method of analysis as shown in Table 
-•!*•« - IS» 

TABLE 6 

Detection limits for lead determined by various 
modern instrumental techniques 

Detection limits1"9 ng/g 
Neutron-activation analysis 500 
Flame AAS 30 
Emission spectrography with 
inductively coupled plasma 20 

Electrothermal AAS 5 
Pulse polarography 4 
Differential-pulse ASV (DPASV) 0,05 

The opposite mode, cathodic stripping (CSV), is also possible. In this mode, an ion is oxidized 
potentiostatically, usually yielding an insoluble film. The product is then stripped back into solution by 
scanning in a negative (cathodic) direction. 

Stripping voltammetry is a relatively new but rapidly expanding technique. The method is easy to use, 
especially with automatic equipment and modern electrodes. It is amenable to straightforward theoretical 
description and quantification. A number of reviews''"' ' '" and texts'* ' '''' are available on the subject. 

8.1. Working Electrodes 
Working electrodes are described elsewhere19''. 

8.1.1. The Hanging Mercury-drop Electrode (HMDE) 
Two types are available commercially. 
(1) The Kemula-lype (e.g. Metrohm E4I0). This consists of a micrometer syringe wi'h capillary stem 

from which drops of reproducible mass can be extruded as the milled head is turned through a 
givn number of divisions. 

(2) The PARC303 SMDF. The instrument employed for conventional polarography can be converted 
to the HMDE mode by simple manual switching. Reproducible drops of three sizes are available. 

Analytical precision depends on drop extrusion, which in turn is dependent on the precision of 
manufacture and the cleanliness of the siliconed inner surface of the capillary, 
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8.1.2. The Thin Mercury-film Electrode (TMFE) 
The thin mercury-film electrode overcomes the two major disadvantages of the HMDE (low ratio of 

surface area to volume and low solution-stirring rates) while retaining all its advantages. The thin mercury 
film can be precoated onto a solid, planar surface (usually glassy carbon), or deposited in situ with the 
analyte metals after the addition of a few microlitres of high-purity mercury solution to the sample. The 
technique was first employed by Florence and his co-workers"'71''8, and is now well established for the 
determination of toxic trace elements in the environment. 

8.1.3. Solid Inert Electrodes 
The different types of carbon electrode described for normal polarography can also be used for stripping 

analysis. They are essential for the determination of mercury, and for the noble metals and elements with 
stripping peaks close to that of mercury in some electrolytes (e.g. bismuth, tellurium, selenium, and iron). 
The planar glassy-carbon electrode has been widely used and is available commercially (PARC G 0173, 
and Metrohm EA 628 rotating-disc electrode, which has interchangeable glassy-carbon, gold, or silver tips). 
A tubular pyrolytic graphite electrode with a stirrer in the centre is also available commercially (ESA 3010 
manufactured by Environmental Sciences Associates). 

The same advantages and disadvantages apply to these electrodes as to normal polarographic 
applications, but conditions are more stringent because stripping voltammetry is used for the determination 
of trace elements. 

8.2. Stripping Analysis of Solid 0 

The stripping analysis of solids'w is a recent development in which the powdered sample is incorporated 
into the working electrode, normally the carbon-paste electrode (CPE). The composite electrode then consists 
of the sample, powdered carbon, and a binding component. Two types of binder are used: one in which 
the binding liquid is non-conducting (e.g. paraffin oil. Vaseline, and dibutylphthalate), when stripping takes 
place only at the electrode-electrolyte interface, or the other in which the binding agent is a solution of 
an electrolyte, often the bulk-supporting electrolyte, when electron exchange and stripping take place 
throughout the bulk of the electro-active CPE. 

In a purely analytical context, the technique is used in three ways: firstly, tne direct determination 
of elements in solid samples; secondly, the identification of one or more phases in minerals cr in synthetically 
produced mixtures or alloys; and, thirdly, the direct determination of the oxidation state of an element 
in a mineral or synthetic sample. 

A selection of applications is given in Table 72"°~22\ 

8.3. Practical Considerations in Stripping Voltanmetry 
For all electrodes, the quantity of the element dep-jsited is a linear function of the time of pre-electrolysis, 

area of electrode, and bulk concentration in the sample solution. It also depends on the stirrer speed, or 
speed of rotation of a solid electrode. 

For each combination of stripping wavef jrm and type of electrode, a different theory is applicable. 
However, in general, the peak current of the readout is directly proportional to the dimensions of the electrode 
and the concentration of metal in the armlgam of an HMDE, or the mass of metal deposited on an inert 
solid electrode, or in a TMFE. In addi'.ion, for linear-ramp or DP stripping from the HMDE, the peak 
current is directly proportional to the square root of the ramp rate. 

Two groups of investigators"",2 5 have evaluated the most important techniques of ASV from a practical 
point of view. They give the following preferred options. 

(1) The first choice of eltvirodc should be the HMDE or TMFE, the latter deposited in situ. 
(2) The first choice of stripping waveform should be DP, especially for TMFE and for very low 

concer.irations of analytes. 
(3) For HMDEs of low resistance, a.c. stripping is as sensitive as pulse methods, and its ability to 

discriminate against irreversible processes sometimes provides an added advantage. Because of its 
relatively hî h resistance, the a.c. mode does not appear to have been as successful with the TMFE. 

(4) Rapid linear-ramp stripping (50 to 200mV/s) frequently yields the smoothest peaks when bare-
graphifv or glassy-carbon electrodes are used, because of their surface variability. 

(5) With ihe HMDE, linear-ramp methods arc inferior in resolution and limits of detection to all other 
stripping modes. 

The limits of detection for various electrodes and stripping modes are given by Batley and Florence19*. 
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TABLE 7 

Stripping analysis of solids using carbon-paste elecfodes 

Element or compound \ Composition of working electrode 

• ~ r 

Electrode 
Electrode 
reaction 

Ref. 
no. 

Ac (oxidation states in ' 0.1 g sample •+• 0,9g (* + 0 1ml 0,1 or ! M KOH Anodic and 200 
mKturex ot' Ag, A g ; 0 , dbp eathodic 
AeO) 

Ag ill A g ; 0 0.1 g sample + 0.9g C + 0.3ml 
dbp 

M M KNO, Anodic 201 

Ni in NiO 0.2 g sample + 0,8 gC + 0,3 ml 
dbp 

2M HCI 

Anodic 201 

Ag 2 0 in mixtures o! 
AgO. Ag 20 

1 part sample + 5 parts C + I vol. 
dbp 

0,1 M KOH Anodic and 
cathodic 

202 

Silver halides 1 part sample + 5 parts C + 3 parts 
Nujol 

0,5 M KNO, Cathodic, then 
anodic 

203 

Copper 10 to 50 mg sample +• 1 g C + 
0.5 ml bn 

I M H 2 S0 4 + 
lx 10 : M 
thiourea 

Anodic oxidation 
of Cu; cathodic 
redn of cuprite 

204 

Cuprite 

10 to 50 mg sample +• 1 g C + 
0.5 ml bn 

1 M NH4OH 
+ 1 M NH4C1 

Anodic oxidation 
of Cu; cathodic 
redn of cuprite 

204 

Bornite (Cu^FeSj) lOmg sample + 1 g C + 0,67 ml bn 1 M HCI + 0,05 
M thiourea 

Cathodic 205 

Non-stoichiometric 
sulphides of Cu 

50 mg sample + 40 mg C + 0,2 to 
2 mg 2 M H 2 S0 4 

2M H 2 S0 4 Cyclic 
voltammetry 

206 

"~207""' 

"~208"'H 

Chalcocite (Cu2S) 

Mn oxides 

0,1 to 0,3 mg sample + 50 mg C + 
1 to 2 drops electrolyte 

Alkaline 
solutions 

Cyclic 
voltammetry 

206 

"~207""' 

"~208"'H Metallic Fe in oxide 
mixtures 

0,1 g sample + 0,9g C + O.jrnl 
silicone oil 

0,1 M HCI + 
0,5 M KCI 

Anodic-

206 

"~207""' 

"~208"'H 

Oxides of Fe (FeOOH. 
Fc;0,. Fc,0 4) 

20 per cent by mass of sample in C 
+ few drops Nujol 

1 M H 2 S0 4 Anodic 209 

Oxides of fe (Fe 20,, 
Fe,0 4 , Fc, ,0) in 
ferrites 

30 to 50 per cent by mass in CPE 
+ electrolyte 

1 M HCI0 4 or 
1 M NaCI 
(pH 1,5) 

Cathodic 210 

2ÍT Fe 2 0, 0,2 to 15mg sample + 50 mg C + 
40 mg electrolyte 

2M H 2 S0 4 Cyclic 
voltammctry 

210 

2ÍT 
Ferrocene 

0,2 to 15mg sample + 50 mg C + 
40 mg electrolyte 

2M H 2 S0 4 Cyclic 
voltammctry 

210 

2ÍT 

Forms of Fe20» Sample + C + electrolyte 1M HCI Cathodic 212 
2Ï3~ Ferrocene 1 to 20 per cent in 5 to 40 per cent 

C + electrolyte 
0,03 M H 2 S0 4 Cyclic 

voltammetry 

212 
2Ï3~ 

Ferrocene 0,75 mg + 50 mg C + 0,04 ml 2M 
H2SO4 

2M H 2 S0 4 

Cathodic 

214 

v 2o? 0,58 mg + 50 mg C + 0,04 ml 0,1 M 
H 2 S0 4 

0,1 M H 2 S0 4 

Cathodic 

214 

Galena, covellite, 
sphalerite 

Sample + C + 0,5mg/g bn KNO,, KCi, 
film-forming 
and complexing 
electrolytes 

Cyclic 
voltammetry 

215 
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Hemem or compound 
Anglesite, cerussite. 
galena in Ph-Zn ores 

! Pd in In. (."d. Al. and Sn 
! oxides 
, Sb in t d . Sb. 7 n S \ 
I /ruSb», InSb 
! Sedvi in selenites 
I 

! Se in AgiSc ; 0, 

Í St in PISeO, and PbSc 

U\\\) and Ui\n in ores 

V (oxidation states 
in oxides) 

1 Sphalerite or svntheiu 
/ n S 

POLAROGRAPHY AND VOi TAMMETRY 

TABLE 7 (continued) 

Composition ot working electrode lilectrode 
No details t p b S Í M HCI 

' PbSO, ! ,7M i i< 
: PhC'C). 0.1)2 M 

11(1 
0.5 M HCI 10(1 mg oxide + 400 mg C 

(no hinder) 
, 0,2 to 0, j g sample in I g C * 0.4 ml ! I M HCI 

h n I 
p0.05g NajStjOi * I g C +0.4ml"~" t 5M HCI 

organic binder 
; I mg sample • 50mg C + silicone ! 1 M UNO, 

oil 
0,05g sample * I g graphite * 0.4 j IV1 HCI 

ml petrolatum oil 

10 to iOmg .ire * 50mg < * it) fil ' 20M UN» t 
20M NH, K 

I 4 .. _ . . .. 
10 to 50mg sample + Ig ( + 0,7ml ' V..O, I M Hf'l 
bn • v.(> 4 1 M KNO, 

• V ; () , IM HCI 
100 mg sample . I g C .0 ,5 ml f I M KCI 
silicone oil 

p.lectrode 
reaction 

Anodic 
li Cathodic 

Cathodic 

Anodic 

Cyclic (cathoclic 
redn ol Pb : ' or 
anodic oxidation 

; ol Se ! ) 
<'ycfic, but 

anodic scan 
should be used 
in presence of 

| much Feltlli 
Anodic-
Anodic 
(athodic 
Anodic 

217 

21» 

219 

220 

221 

dbp dibromophlhalaie 
bn a-bromonaphthalene 

TABLE 8 

Some applications of anodic-stripping voltammetry 

Ref. 
Element Concentration Matrix Electrode Stripping mode no. 

Ag 
As, Sb 

< 10 p.p.m. Ag-Ga-Se alloys 
Cu 

Graphite 
Au film on RGCE 

Rapid linear ramp 
DP 

234 
235 

Au 
B;, Pb 

< 10 p.p.m. 
3 to 4 p.p.m. 

Cu 
Ferroniobium 

Wax-impregnated graphite 
HMDE or TMFE 

Oscillographic 
DP 

168 
236 

Bi, Pb, Zn 0,1 to 0,5 p.p.r.i. A l HMDE DP 237 
Cd, Cu, Pb, Zn Down to 0,C"<5 p.p.b. Antarctic snow TMF on RGCE DP 238 
Co 60 p.p m. Zn-plant electrolytes TMF on RGCE DP 239 
Cu, Pb p.p.m. range Soil extracts TMF on RGCE DP 240 
Cd, Tl p.p.b. range Rocks TMF on RGCE DP 241 
Cd, Pb, Cu p.p.b range Minerals and ores TMF on RGCE DP 242 
Cu, Pb p.p.m. range Rocks HMDE DP 243 
Ic 5 lo 50 p.p.m. Waters TMF on RGCE DP 244 
In. Tl 1 to 200 p.p.m. Pb-Sn-Te crystals GCE a.c. 245 
Mn 
Hg 

p.p.b. range 
Down IO 1,5 p.p.b. 

Hg and Pb 
River waters 

TMFE 
Vitreous carbon 

linear ramp 
DP 

246 
247 

Pb. Zn p.p.m. range Rocks HMDE DP 248 
Pd, Cd, ( u, Zn 2 lo 5(H) p.p.m. Human hair HMDE DP 249 

i Hd 0,1 lo 800 p.p.m. Metallurgical products TMF on graphite paste Linear ramp 250 
Pi 200 p.p.m. Cu-Ni concentrate. Carbon paste linear ramp 251 
Ru 1 • 10 ' "'it Cu-Ni concentrates Graphite Linear ramp 252 
Se, Tc 
Sn 

0,1 to 7 p.p.m. 
Down lo 500 p.p.m. 

Cu 
Gcochcmical samples 

Au film on GCE 
HMDE 

linear ramp 
Linear-ramp a.c. 

253 
184 

Tl 50 p.p.b. Urine HMDE a.c. 254 
Tl p.p.m. range Ores, concentrates, 

metals 
HMDE DP 25.. 

u 20 lo 200 p.p.b. Waters HMDF. or TMF on RGCf. Linear ramp 256 
Zn Down to i p.p.m. High-nurity Sn HMDE DP * ' 

DP Differential pulse 
GCF Glassy-carbon electrode 
HMDE Hanging mercury-drop electrode 

RGCE Rotating glassy carbon electrode 
TMF Thin mercury film 
TMFE Thin mercury-film electrode 
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POLAROGRAPHY AND VOLTAMMETRY 

8.4. Analytical Applications of Stripping Voltammetry 
Kaplin and his co-authors226 give an excellent summary of procedures, mainly Russian, up to 1976. 

They give methods for the determination of some 15 trace elements in a wide variety of materials and matrices 
(environmental and biological samples, minerals and ores, concentrates and high-purity metals, acids and 
pure chemicals, and semi inductor and electronic materia. V ASV is the preferred approach for the 
determination and speciation of toxic trace metals (copper, lead, cadmium, zinc, mercury, selenium, nickel, 
cobalt, and thallium) in environmental and waste waters, and several reviews on the subject are 
available 2 2 7" 2 3 3. 

A number of modern ASV applications are shown in Table 8 2 , 4 ~ 2 5 7 . They were chosen to illustrate 
the limits of detection, diversity, and multi-element capability of the technique. CSV methods, which are 
not as common as ASV, are based on the anodic deposition of a film on the surface of a working electrode, 
and are restricted to a few elements or species such as arsenic25*, iron 2 5 9, halides260, lead2*1, selenium262, 
tellurium263, thiocyanate264, sulphide265, and uranium266. 
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