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Recent Developments in Polarography

By G.W.C. Milner

Analytical Chemistry Branch, A.E. R.E., Harwell

Zusammenfassung

Zu den letzten Fortschritten auf dem Gebiete der Polaro­
graphie gehört auch die Entwicklung neuer Instrumente, ins­
besondere von Kathodenstrahl- und Wechselstrompolarogra- 
phen. Die «square wave»- und « pulse »-Polarographen gehören 
zu der letzteren Klasse von Instrumenten. Die Prinzipien dieser 
Geräte und ihre Vorzüge gegenüber den gebräuchlichen Gleich- 
strompolarographen werden beschrieben. Diese neuen Apparate 
haben den Anwendungsbereich der Polarographie in der analy­

tischen Chemie beträchtlich erweitert, insbesondere bei der Be­
stimmung von Spurenelementen. Mehrere typische Verwen­
dungsarten werden aufgeführt.

Die coulometrische Analyse ist eine weitere in der analyti­
schen Chemie wichtige elektrochemische Methode. Es werden 
für ihre Ausführung geeignete Apparate und einige typische 
analytische Anwendungsmöglichkeiten beschrieben.
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1. Introduction

The conventional method of polarographic analysis is 
based upon the application of a slowly increasing ap­
plied voltage to the électrodes of an electrolysis cell 
containing the sample solution and the recording of the 
résultant current-voltage curve. The cathode consists 
of small reproducible drops of mercury forming at the 
end of a fine-bore capillary, whilst the anode is either 
an unpolarised pool of mercury or a standard reference 
electrode. The current-voltage curves consist of steps 
caused by the réduction of electro-reducible ions in 
solution. Each inçrease in current is governed entirely 
by the diffusion of a particular ionic species from the 
bulk of the solution to the cathode surface and the dif­
fusion current, as measured by the height of the step, 
is proportional to concentration. The technique is gener- 
ally applicable to the détermination of concentrations of 
reducible ions in the range from 10-2 to 2 X 10-5 M.

The limitations of conventional polarography in ana­
lysis can be summarised as follows :

(1) The détermination of concentrations smaller than 
about 10-5 M is impossible because of the inter­
férence of a current referred to as the condenser 
current. This latter current may be as much as 
0-2 pA. and is due to the charging of the double layer 
of ions that form a capacitor on the growing surface 
of the drop.

(2) The resolution between two steps is not very satis- 
factory unless the halfwave potentials are separated 
by approximately 200 mv.

(3) Serions interférence can resuit from a large step 
caused by the previous réduction of a major reduc­
ible constituent in the sample solution. In some 
cases it is possible to eliminate this type of difficulty 
by adding a supporting electrolyte to the sample 
solution which preferentially forms a stable complex 
with the major constituent and removes the step to 
a more negative potential.

Developments in polarography in the past decade have 
been directed mainly towards the improvement of the 
sensitivity and resolution of the technique, and the 
various aspects are considered in this paper.

2. Alternating Current Polarography

2.1. Instrumentation

Breyer and co-workers1,2 developed an A. C. tech­
nique employing a small sinusoidal alternating potential 
of low frequency superposed on the direct potential 
applied to the dropping mercury electrode. The result- 
ing alternating component of the cell current was meas­
ured and its magnitude found to be dépendent on reac­
tion rates, being much greater for substances reversibly

1 B. Breyer and F. Gutman, Australian J. Sei. Research 3 (1950) 
558.

2 B. Breyer, F. Gutman and S.Hacobian, ibid. 3 (1950) 567.

reduced than for those irreversibly reduced at the drop­
ping mercury electrode. This method produced deri­
vative polarograms which possessed several advantages 
over the steps in conventional polarography:

(1) The peaks for two substances were resolved when 
they were separated by only 40 mv. This represents 
a considérable improvement in resolution.

(2) The elfects of previous réductions were of far less 
importance. For instance small amounts of less 
noble ions could be determined in the presence of 
greater concentrations of nobler substances.

(3) The removal of oxygen from solutions before record­
ing polarograms proved less important, because the 
réduction of oxygen is irreversible and no inter­
fering peak is produced.

However, a serious disadvantage in this technique arose 
from the occurrence of an alternating current component 
associated with the double layer capacity of the mercury­
solution interface. This component can be considered 
analogous to the condenser current in conventional 
polarography. Breyer and co-workers were unable to 
eliminate this interférence and in conséquence the sensi­
tivity of this technique was no better than that obtained 
be conventional polarography.

The interfering capacity current has been eliminated 
in the square wave polarograph developed at Harwell by 
Dr. G. C. Barker and his co-workers.3’4i 5 In this method 
a small alternating square wave voltage (< 30 mv) of 
225 cycle/second is superposed on the normal slowly 
changing D.C. voltage, and the amplitude of the resuit - 
ing A. C. component of the cell current is measured 
shortly before each change in sign of the alternating 
voltage. In this way an almost perfect séparation of the 
faradaic current and the capacity current is achieved. 
Variations of applied voltage and current with time are 
shown in Figure 1. It will be seen that the diffusion cur­
rent never decays to zéro in the interval between suc­
cessive voltage changes, but in the same time interval 
the capacity current decays exponentially with time 
and decreases to a negligible value sometime before the 
next change in applied voltage. The A. C. component of 
the cell current is recorded by the instrument at a time 
when the capacity current has decayed to zéro and it is 
thereby governed by diffusion at the dropping mercury 
electrode. This polarograph possesses ail the advantages 
inherent in the A. C. method together with high sen­
sitivity.

With the square wave polarograph it is possible to 
détermine reversibly-reduced metallic ions, such as Pb 
and Cd in chloride solutions, in the molar concentration 
range from 10-4 to 10-7 and even less in favourable cases.

3 G.C.Barker and I.Jenkins, Analyst 77 (1952) 685.
4 G. C. Barker and D. R. Cockbaine, Atomic Energy Research 

Establishment, Report CIR 1404 (1954), H.M.S.O.
5 D. R. Cockbaine, Atomic Energy Research Establishment, Re­

port EL/R 1528 (1954), H.M.S.O.
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This instrument is at least 200 times more sensitive than 
conventional polarography. It is, however, less satis- 
factory for the détermination of éléments that are ir- 
reversibly reduced at the dropping mercury electrode. 
In inorganic polarography it is frequently possible to 
overcome this difficulty by a suitable choice of support - 
ing electrolyte and this can best be illustrated by the 
case of nickel. This element is irreversibly reduced from 
a chloride base solution and small amounts cannot be 
determined. In a cyanide base solution, however, the 
nickel ions are complexed to form nickel cyanide com- 
plex ions which are reversibly reduced at the dropping 
mercury electrode. An alkaline cyanide base solution is 
consequently extremely satisfactory for the détermina­
tion of trace amounts of nickel.

Fig. 1. Square wave voltage and current wave forms

The resolving power of the square wave polarograph 
compares very favourably with the earlier A. C. method 
and can best be assessed from results obtained for the 
détermination of Cd and In in a 1-0 M KC1 solution. The 
halfwave potentials for the cadmium and indium steps 
in this solution are —0-642 v and —0-597 v relative to 
the saturated calomel electrode respectively. For a mix­
ture of cadmium and indium in equal concentrations 
(20 ^g per ml) the degree of séparation is such that both 
peaks are measurable. When the cadmium to indium 
ratio is 10:1 the indium peak can be detected as a 
swelling at the base of the cadmium peak and it is pos­
sible to make an approximate estimate of the indium 
concentration. These results illustrate that the square 
wave polarograph will résolve peaks separated by only 
45 mv, which is a great improvement on the 200 mv 
required for séparations in conventional polarography.

The effect of previous réductions is very much less in 
square wave polarography than in conventional polaro­
graphy because of the derivative type of polarogram 
produced. The square wave polarograph is able to pro­
duce a peak for a substance which is quite unaffected by 
the previous réduction of a major constituent when the 
ratio of concentrations is 1 to 20,000. The current from

the réduction of ferrie ions does not interfère with peaks 
for copper, lead and tin in a chloride supporting elec­
trolyte and this instrument has been used to détermine 
these constituents in steels for ratios of copper, lead and 
tin to ferrie ion of 1 to 5000, 1 to 1000 and 1 to 20,000 
respectively. The negligible interférence from major 
constituents improves the direetness and simplicity with 
which analyses can now be carried out. Very little pre- 
treatment of the sample solution is generally required ; 
this is in direct contrast with conventional polarography 
in which the prior Chemical séparation of interfering 
constituents is often needed.

In the use of the square wave polarograph the im­
portance of the care of the capillary cannot be over- 
stressed, particularly as the instrument is more critical 
to variations in drop time, and because the diffusion 
current is measured at a prescribed time in the drop 
life. A drop time in the range from 4 to 7 seconds is 
recommended. In determining the highest sensitivities 
attainable with this instrument, Dr. G. C. Barker found 
that the maximum sensitivity was not limited by the 
noise level of the electronic circuits, but by the instability 
of a response occurring from solution entering the tip of 
the capillary of the dropping mercury electrode. This 
capillary response varied slightly from drop to drop and 
caused the noise level of the polarograph to be as much 
as four times more than that attributable to noise in the 
electronic circuits. One fairly satisfactory solution of the 
capillary response problem makes use of the fact that 
the capillary response current usually decays more ra- 
pidly after a sudden change of potential than the fara- 
daic current associated with an electrode reaction. Hence 
the ratio of desired signal to undesired signal can be 
improved by extending the time scale. To obtain a signi- 
ficant improvement in performance it is necessary to 
reduce the frequency from the normal value of 225 c/s 
to about 10 c/s. However, such a frequency is incon- 
veniently low from a design point of view and it is more 
convenient to replace the square wave voltage by a 
sériés of puises of relatively long duration, each of which 
occurs at a predetermined time in the droplife. A new 
polarograph, known as the Puise Polarograph, is based 
on this puise technique.6 In this instrument one long 
pulse is applied in the life of each mercury drop. The 
duration of the puise is 40 milliseconds and is of much 
longer duration than the 2-2 millisecond half cycle of 
the square wave voltage used in the square wave polaro­
graph. In favourable circumstances reversibly-reduced 
ions can be detected with the puise polarograph at con­
centrations down to about 10-8 M and irreversibly- 
reduced ions can be detected at concentrations close 
to 10-7 M.

Différences in the behaviour of the puise and square 
wave polarographs can be conyeniently grouped under 
two headings, those arising from the différence in the

6 G. C. Barker and A. W. Gardner, Atomic Energy Research Es­
tablishment, Report C/R 2297 (1958). To be published.
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electronic circuits and tliose arising from the Chemical 
effects of the longer puise.

Electronic Effects.—The puise polarograph is four times 
more sensitive than the square wave polarograph for re­
versible réductions. This increased sensitivity is ob- 
tained entirely by an improved electronic circuit, since 
the current which is actually measured is smaller due 
to the longer decay. The improved sensitivity can only 
be used if the Output of the amplifier is smoothed by a 
condenser to reduce the noise level. This in turn is only 
possible because the capillary response has been allowed 
to die away completely, so that the remaining noise is 
truly random. The smoothing required dépends on the 
sensitivity of the instrument, according to the following 
values :

For maximum sensitivity, intégration over the aver­
age of 9 drops is used.

For maximum 4- 2, intégration over the average of 
3 drops is employed, and

for maximum -H 8 and lower, no intégration is needed.

The use of intégration makes the response of the instru­
ment rather sluggish and slow sweep speeds must be 
employed e. g. for a 9 drop intégration the slow sweep 
speed of 1 volt per 50 minutes is used. As a conséquence, 
analyses using the puise polarograph at maximum sen­
sitivity are slower than those customarily carried out 
on the square wave polarograph (S.W.P.). At lower 
sensitivities, comparable with those often used on the 
S.W.P., faster speeds can be employed and the puise 
polarograph is then no slower than the S.W.P. in this 
respect.

The longer interval between the first application of 
the pulse and the time of measurement of the current 
allows the double layer capacity charging current to 
decay more completely in the puise polarograph, or 
conversely allows base solutions of higher résistance to 
be used in the cell. The use of lower concentrations of 
supporting electrolytes is an advantage in trace analyses, 
since the need for the purification of electrolytes is 
thereby decreased. Also, since the capillary response is 
allowed to die away more completely in the puise polaro­
graph than in the S.W.P., the background at negative 
Potentials is better at equal sensitivities.

Chemical Effects.—The Chemical effects arise from the 
fact that the puise polarograph is much more sensitive 
to irreversible réductions than the S. W. P. This increased 
sensitivity is obviously an advantage in sonie cases, but 
in using the polarograph for éléments which are rever­
sible reduced, it is invariably a disadvantage because 
interfering réductions become more important. The ir­
reversible réductions of oxygen and organic matter con- 
stitute a problem in analysis. In the case of oxygen a 
large broad réduction peak appears in the range —0-2 
to — 0-3 v, if the solution is not properly degassed. Effi­
cient degassing of the solution is not difficult to achieve, 
but it takes time and contributes to the slowness with

which solutions can be analysed. If a solution containing 
oxygen is allowed to stand in contact with mercury for 
sometime, hydrogen peroxide is formed and gives a 
réduction peak. For this reason it is advisable to de- 
aerate ail solutions immediately they are transferred to 
the cell. Organic species, which are irreversibly reduced, 
produce a greater response on the puise polarograph and 
they must therefore be completly destroyed prior to the 
analysis of solutions for inorganic constituents.

Another aspect of the puise polarograph, as distinct 
from the S.W. P., is its ability to produce a conventional 
type of polarographic step, and because of this it is 
potentially more suited to the continuous analytical 
control of process solutions. In operation the dropping 
mercury electrode is held for most of the time at a fixed 
potential with respect to the anode, but at a certain 
time in the life of each mercury drop a polarising puise 
changes the drop potential for 40 milliseconds to a value 
that gradually is made more and more negative. The 
size of this voltage puise is increased from zéro ampli­
tude to a value of about 1 volt. The résultant step is 
almost the same shape as a normal conventional polaro­
graph step except in the following aspects :

(1) The limiting current does not vary with drop time, 
as in conventional polarography, because the current 
is measured at a fixed time in the life of the drop.

(2) There is an appréciable increase in step height rela­
tive to residual current, a 7-fold gain in ratio of 
limiting current to residual current being obtained. 
This arises because the concentration gradient is 
much higher in the puise polarograph than in the 
conventional polarograph.

The performance of the puise polarograph has been 
compared with that of the S. W. P. and the findings are 
summarised under various headings, as follows:

(1) Sensitivity—the puise polarograph is 4 times more 
sensitive for reversible reactions and 20 times more 
sensitive for irreversible reactions.

(2) Sweep rate—generally more rapid sweep rates can 
be used with the S.W.P. and slightly less time is 
therefore used in recording polarograms.

(3) Oxygen interférence—this is less troublesome with 
the S.W.P. and less time is required for degassing 
each solution.

(4) Organic matter—there is less interférence from re- 
ducible organic material with the S. W. P., whereas 
adsorbed material gives less difficulty with the puise 
polarograph.

(5) Supporting electrolyte—the puise polarograph is 
able to use supporting electrolytes at least 10 times 
more dilute than those necessary for the S.W.P. 
Interferences caused by impurities in the support­
ing electrolyte are thereby reduced.

(6) Resolution—the resolution with the puise polaro­
graph is only slightly inferior to that obtainable 
with the S.W.P
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The pulse polarograph is an electronic instrument using 
a total of 60 valves and is therefore of the same com- 
plexity as the present model of the S. W. P. On the whole 
it is a more satisfactory instrument, but the preliminary 
chemistry must be planned with more care than is nec- 
essary for the S.W.P. and analyses generally take 
slightly longer to complété.

2.2. Analytical Applications

Many useful applications hâve already been devel- 
oped for the S.W.P. in the analysis of such materials 
as metallurgical alloys, waters, trade effluents, food­
stuffs, fertilisers, minerais and various miscellaneous 
materials. In many cases only small sample weights are 
required and the Chemical treatment consists in dissolv­
ing the sample and adding the base electrolyte. In ail 
cases, however, a considérable improvement over con- 
ventional polarography is obtained. The advantages of 
square wave polarography are brought out in metal­
lurgical analysis. In the analysis of steels and copper­
base alloys, for example, several constituents can be 
determined directly in the presence of the major consti­
tuents and this is a major improvement over the prac­
tice in conventional polarography which generally re- 
quires séparation of the main constituents from solu­
tion.7’8 The constituents that can be determined with 
advantage by this instrument include lead, cadmium, 
nickel, zinc, tin and chromium. The détermination of 
lead is often required in metallurgical analysis and a 
chloride base solution is generally employed. Tin un- 
fortunately gives a step in this base solution which inter­
fères with the lead step, but by using a molar phosphoric 
acid solution in conjunction with the S.W.P. better 
conditions hâve been developed for the direct déter­
mination of lead.9 The réduction of tin is so irreversible 
in this solution that it is possible to détermine lead 
directly in the presence of a 1000-fold excess of tin. The 
phosphoric acid supporting electrolyte is recommended 
for the détermination of minor alloying amounts of lead 
in tin, copper and aluminium base alloys and in steels.

7 D.J.Ferrett and G.W.C.Milner, Analyst 80 (1955) 132.
8 D.J.Ferrett and G. W. C. Milner, ibid. 81 (1956) 193.
9 G. W.C. Milner and L. J.Slee, ibid. 82 (1957) 139.

The high sensitivity of A. C. polarographs is extremely 
valuable in the analysis of effluents for the presence of 
metallic impurities. In atomic energy work the S.W.P. 
has proved useful for the examination of effluents for 
trace amounts of uranium. The most sensitive peak for 
uranium is obtained from a molar perchloric acid so­
lution, when concentrations down to 0-1 pg per ml of 
final solution can be determined. The procedure for 
effluents simply consists in evaporating a suitable ali­
quot to fumes of perchloric acid in the presence of nitric 
acid to destroy any organic matter in the solution. 
Equally, the high sensitivity attainable with the S. W. P. 
is very valuable for measuring the rate of uptake by 
aqueous solutions of corrosion products from Steel

loops.10 In some experiments with loops at Harwell only 
2 ml aliquots of solution were available for analysis, so 
as to avoid replenishments of water, and by analysing 
for iron, chromium, nickel and manganèse some infor­
mation could be obtained on corrosion rates. Both iron 
and chromium could be determined simultaneously 
down to concentrations of 1 p.p.m. and detected at 
levels of 0-2 p.p.m. The nickel and manganèse could be 
determined down to 0-4 and 2 p.p.m. respectively, 
whilst the lowest levels of détection for these two 
constituents amounted to 0-06 and 0-4 p.p.m. respec­
tively.

3. Cathode Ray Polarography

The cathode ray oscilloscope is extremly useful for 
recording electrical effects because of its high speed of 
response and it has now been incorporated in a com- 
mercially available instrument for recording current- 
voltage curves. Randles11,12 first described the prin- 
ciples of linear sweep cathode ray polarography and for 
analytical work this technique is the most satisfactory 
of the various oscillographic methods so far developed. 
A linear voltage sweep, which starts at a predetermined 
time in the life of the mercury drop, is applied to the 
électrodes of the polarographic cell and the variation of 
the cell current during the sweep is displayed on the 
screen of a cathode ray tube. Since the early work, im- 
proved designs hâve been described and a commercial 
instrument is produced by Southern Instruments Ltd. 
to a design first reported by Davis and Seaborn.13 This 
instrument is intended for use with drop times of the 
mercury cathode of about 7 seconds and the voltage 
sweep takes place in the last 2 seconds of the drop life. 
On this basis a number of polarographic steps can be 
recorded and measured in a fraction of the time required 
in conventional polarography. Increased sensitivity is 
also achieved by virtue of the particular diffusion con­
ditions at the mercury drop resulting from the extremely 
rapid sweep of potential. Normally reducible ions can be 
detected at concentrations down to about 5 X 10“7 M 
when the electrode reaction involves 2 électrons. The 
instrument has a derivative circuit giving very high 
resolution and this is useful for the détermination of a 
minor constituent in the presence of a more readily 
reducible major constituent. Unfortunately, however, 
there is a considérable loss in sensitivity on the deriva­
tive circuit so that the highest degree of sensitivity and 
resolution are not attained simultaneously. Even so, 
this useful and inexpensive instrument is now used for 
routine analysis in many laboratories.

As in conventional polarography, the sensitivity is 
limited by the inconstancy of the iion-faradaic residual

10 D.J.Ferrett and G.W.C.Milner, Proceedings of the First 
International Conference on the «Peaceful Uses of Atomic Energy», 
United Nations, 1956, Vol. IX, p. 436.

11 J. E. B. Randles and L. Airey, Analyst 72 (1947) 301.
12 J.E. B. Randles, Trans. Faraday Soc. 44 (1948) 334.
13 H. M. Davis and J. E. Seaborn, Electronic Eng. 25 (1953) 314.
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current associated with the charging of the surface of 
the expanding mercury drop and it is adversely affected 
by the large variations of this non-faradaic current dur­
ing the voltage sweep. The amplitude of the voltage 
sweep is about 0-5 volts and there is no possibility of 
greatly improving the ratio of faradaic to non-faradaic 
current by changing the duration or amplitude of the 
voltage sweep. The Steps obtained in oscillographic 
polarography are somewhat inferior in shape to those 
obtained by most other polarographic methods. The 
Steps produced by reversible and irreversible réductions 
are very asymmetric, the faradaic current decreasing 
slowly as the potential becomes more negative than the 
potential at which the current is largest. In analytical 
work this asymmetry is unimportant when the solution 
contains only one reducible ion, and also when several 
reducible species are present the asymmetry does not 
matter if the halfwave potentials are well separated, 
since the starting potential can he changed for the déter­
mination of each ion. However, when the halfwave 
potential values are not greatly different errors clearly 
can occur when attempting to measure the height of a 
Step which is superimposed on the tail of an earlier step. 
In such cases the errors would be smaller if the Steps 
had the same shape as the peaks of a first derivative 
polarogram. Suggestions have recently been made by 
Dr. G. C. Barker14 for overcoming this type of difficulty 
by Converting the asymmetric current peaks into flat- 
topped Steps similar to those observed in conventional 
polarography. This change of wave shape can be effected 
very readily by passing a current proportional to the 
faradaic current through an electrical ‘shaping’ circuit 
which is the electrical analogue of linear diffusion in a 
semi-infinite medium. The voltage appearing across this 
circuit, after appropriate amplification is displayed on 
the screen of the cathode ray tube.

14 G. C. Barker, Proceedings of the Second International Conference 
on Polarography, Cambridge 1959.

15 H. M. Davis and J.E. Searorn, Proceedings of the Second Inter­
national Conference on Polarography, Cambridge 1959.

For removing the interférences of non-faradaic cur- 
currents Davis and Seaborn15 have recently developed 
an improved single sweep oscillographic polarograph

which can be used with twin cells containing synchronised 
dropping mercury électrodes. If one cell contains sup- 
porting electrolyte only, a polarogram largely unaffected 
by the non-faradaic charging current can be obtained 
with this instrument by displaying on the screen of the 
cathode ray tube a voltage proportional to the différence 
between the cell currents when the voltage sweep is 
applied to both cells. This twin cell method clearly can 
give a significant gain in sensitivity but it is important 
that both sweep start potentials are identical. Another 
important advantage of this technique is that it can be 
used for ‘Comparative Polarography’. This is the special 
case of high précision differential polarography in which 
one eell contains an accurately known standard solution 
of the ionic species under détermination, the concen­
tration in this reference solution being near to the con­
centration of the particular constituent in the sample 
solution. The following design requirements have been 
satisfied in this instrument :

(1) The stability of the measuring circuit must be such 
that very small différences (e.g. 1 in 104 or less) 
between the cell currents can be measured with 
précision.

(2) It must be possible to equalise the true sweep start 
potentials, i. e. taking pool potential variations into 
account, and maintain equality during the course 
of a détermination.

(3) The dropping mercury cathode surfaces must be 
renewed simultaneously.

(4) The rates of growth of the drop surfaces must be 
identical.

For requirement (3) the most satisfactory method of 
separating the drops simultaneously was to produce a 
violent lateral accélération of the capillaries and to 
arrest them after they had travelled only a few capillary 
diameters. Requirement (4) was satisfied by using two 
adjacent sections of equal length from a piece of capillary 
tubing. These were gravity fed with mercury from réser­
voirs capable of independent adjustment.

I wish to thank my colleagues, Dr. G. C. Barker and 
Mr. H. M. Davis, for supplying information for this paper.




