APPLICATION OF THE CATEODE RAY
OSCILLOGRAPE TO POLAROGRATHIC ANALYSIS
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The object of this work is to devise a method of reproducing
on & cathode raj oseillograph the curreat-voliage curves that are
obtained with the Fisher Electropode, and from these curves o
determine directly the hnlfnwavi potentials of the elements pre-
sent in a test solution. This test solution is composed of eoppir.
lead, cadmium, and zine lons in a supporting electrolyte of .1
pormal K Gl. |

About twenty years ago at the Charles University in Prague,
the polarographic method of analysis was developed by Prcrcaaor‘
Jaroslav Heyroveky and his colleagues. The prineiple of this
new method of anslysis was based on the faect that when an electro-
lyte solution is electrolyzed im a cell consisting of a dropping
meroury electrode and a second nonwpéluriaiblc electrode (usually
a pool of mereury), it is yausiﬁln to datermine from the resulting
current-voltage curve both the nature and the concentration of the

reducible or oxidizable substances present.

Folarographic analysis étp&nﬁ: on the prineciple of electiroly:
Eleotrolysis can be defined as e chemical reaction tlkiag place
under the influence of en electromotive force produced by having
electrodes immersed in the solution.

At the cathode the resction is an electro-reductlion, while
at the anode an equal amount of elestro-oxidation will oceur. Th
surrent-voltage curve results when the current is plotted agalast

the voltage applied seross the cell.
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A sehematic diagram for obtaining & current-voltage curve with
e dropping mercury electrode is shown in Fig. 1, {1).

A typleal current-voltage curve, for @ single lon, obtained
with a dropping mercury electrode is shown in Fig. 2, (1).

The portion of the curve between points A snd B is called the
residual current, This is the very small current flowing through
the cell before the decomposition potential is reached. FPoint B
shows the velue of the decomposition voltage which is the electro-
motive forece needed to start the eleotrolysis of the fon present. |
Trom points D to & is the limiting current whieh gradually reaches
a constant value and becomes independent of the applied voltage.
The limiting curreant, under optimum c¢onditions, is found to be
directly proportional to the concentration of the electro~-re-
dueible material, It is on this fact that the gusntitative phase
of polarographic enalysis is made possible, (1).

The concentration of the electro-reducible material at the sur-
face of the mercury drop tends to decrease as the material is re-
duced. However, the loss of material is compensated by the
diffusion of more material from the body of the liguid to the sur-
face of the mercury drop. The rate of diffusion depends on the
concentration difference between the surface layer and the body
of the solution. As the applled electromotive force is inoreamsed,
the concentration at the surface of the meroury drop becomes 80
very small with respect to the concentration in the body of the
solution that the difference in consentration approaches a constant
value that is equal to the concentration of the solution. Thus

the rate of diffusion must approach a constant.
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with an excess of an indifferent ion in solution, the llmxsins
current becomes dependent on the rate of diffusion and hence is
salled the diffusion currvent, (1).

Point C denotes the half-wave potential. The half-wave poten~
tial, as can be seen from ¥ig. 2, is the potential of the meroury
olzaﬁraac sgainst an external reference electrode, (usually a satur-
ateﬁ calomel eleetrode) at the polnt on the current-voltage curve
where the curreant is equal to one-balf of the limiting value.

The half-wave potential is independent of the concentration,
and eaeh lon has its own charecteristic half-wave pet;nsiul. This
faet is the basis of the qualititative polarographic analysis to
be studied. '

The unknown is easily found by comparing the experimental
value of the half-wave potential with the reference list available
("Half~-Wave Fotentials of Inorgenie compounds”) (9).

In snalysing by polarographie methods, there must be proinat
in the solution ancther lon for whiech the snslysis is pot belng
conducted, The presence of the excess jon serves to increasse the
difrusion ecurrent. The concentration of this ion may range from
+1 ¥ %o 1.0 H. The lon must be chosen 8O that it will not produce
a current inoresse at a voltage below those lons for which the
analysis is being made, This lon is the indifferent ilon and the
solution containing the imdifferent jon is enlled the supporting
electrolyte, The test solution is added to the supporting elec~
trolyte in such smounts as to vary the conecentration of test lons
from 16“3 to 10°® equivalents per lltor; (8).
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In many cases, the eurrtnsf&oltasa eurve will show a mexiwum
or @ peak at point D in Fig. 2. The cause is still not definitely
known; but the peak can bﬁ.nllu;natna for more accurate readings
by the sdditicn of a dye solution or t‘unxxnun ouppruinor as it
is galled, One such meximum SuUppressor is enmpenad‘or three parts
of 0.2% sleobolie methyl red and two parts of 0.2% alcoholie
bromerescl green. Oaly 2.5 ¢e of the maximum suppressor 1s needed
per liter of the supporting ulaatroiyte, (8]

The first step was to oblain current-voltage curves of the test
solution by use of the Fisher Elsctropode. This gives & standard |
from which to work. That is, the curves to be obtained on the cathode
ray oscillograph should have the same gnncral‘uhnpo; end the half-
wave potentials obtained from the oselillogreph curves should have
the same values es obtained with the Fisher Electropode.

The Eleectropode is a trade name for s Lype of pelarographio
apparatus which employs a calibrated potentiometer disl for reading
the voltage, and a gelvenometer for the current reedings. As a
rule, atmospheric oxygen is removed from the scolution to be tested
as its presence will be indicated on the current-veltage curves.
However, during all of the work done in this expsriment, the oxygea
was not removed as it afforded another substance for which to teat.

In the first run mede with the electropode, the values of
current and voltage were tsbulated and then plotted. rzgéro 3 is
a raugﬁ surve which indicates the voltage range to be govered in

smaller inerements, namely, from .1 to 1.2 volts.
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Galvanometer Galv, Secale
Voltage Scale (mm) X Sensitivity
.10 12 240
«20 27 540
«30 bi 880
47 43 870
+ 50 55 1100
«60 59 1180
« 70 69 1380
.81 81 1620
+885 82 1640
1.00 9 1800
l.12 10.5 2100
1.35 12 2400
1.45 15 3000
1.50 28 5600

(5)

DATA FOR FIG. 3

Sensitivity
20 X

200 X

Figure 4 indicates the curve obtained by pletting directly oa

the graph paper the current-voltage resdings of the second rua,

using smaller voltage lacrements.

The half-wave potentials obtained

from Fig. 4 a8 compared to those given in the tables ("Half-Wave

Potentials of Inorganic Substances”) are indicated below:

SUBSTANCE

Zine ion
Cadmium fon
Lead ion
Oxygen
Copper ion

*100&
"0.6‘
"OQ“
~0. 18
#0.03

* No positive valtaéc wes used in this sexperiment,
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(6)

The difference between thu/cxparimnntal values and the tables
ean ;a scoounted for by the faet that the values given in the tables
are with reference to s saturated calomel electrode at 25°. The
saturated calomel electrode was not used in the experimental run.

The next step was to design a oireuit in whieh the current-
voltage curves would be reproduced on a cathode ray cseillograph.
In a 60 eyocle sine wave, (¥ig. 5), the voltage starts at zero,
rises to a meximum value, then dcorﬁnaoa through zere to a mine
imum and rises back to zero., All voltsge values above zero are
considered negative, and all voltage values below atré are gon-
sidered poasitive.

The voltage range needed for the substances in the test
solution is from 0 %o ~1.5 volts. However, a majority of the
inorganie ions will be reduced someplace between O and -3 volts,
Thus, 0 to -3 volts was decided upon as a desirable voltage
range to obtain.

By superimposing the AC voltege on a IC voltage, it is pos-
sible to eliminate a;l the positive voltage values. The proper
value of the AC voltage may be determined from the equation:

peak voltage = Io¢

Thus a peak AC voltage of 1.5 volts (1.06 volts root mean
square value), superimposed on 1.5 volts DC, will give & maximum
peak value of 3 volts (Fig.6).

Figure 7 shows a schematic dlagram of the e¢ircult used. The
battery, B, supplies 22.5 volts DC, and the voltage drop across R}
is equal to 15.9 volts root mean square value or to 22,5 volts peak
value, The voltage divider, D, is used to piek off the required
voltage to be applied ascross the dropping mereury tiootéod.. An
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amplifier stage was needed to supplement the amplification faotor
of the eat&odo ray oscillograph. Figure € is s disgram of the
amplifier circuit. .

The voltage drop acrose the dropping mercury e¢lectrode is im=
pressed on the horizontel deflection plates of the cathode ray
oscillograph, And the curreat through the dropping mercury
electrode 1is impressed on the horizontal deflection plates of the
cathode ray oseillograph. As the current through the dropping
mereury elsctrode will have the same value as the current through
Ry, the voltage drbp scross Ry will be proportional to the curreant
through the dropping mereury electrnde. This voltage is applied
to the vertieal deflection plates. Accurate seasurements of the
vnltégu applied across the dropping mercury electrode can be made
with only a high resistance voltmeter, at least 20,000 ohus per
volt, eas the current is canly a few microamperes. A vacuum tube
volimeter is ancther instrument whieh could be used,

A high resistance volimeter was constructed by using a seasi-
tive galvenoweter in series with a .5 megohm resistance. The
sensitivity of the geslvanometer was calculated to be .03 miere-
amperes pesr millimeter. This will messure only the DC portion
of the applied voltage., However, as the peak AC voltage is, at
6ll times, twice the UC voltage, the value obtained need only be
doubled to give the absolute value of the pesk voltage. |

Uslng a solution containing cobalt lons, the galvanometer
defleetion at the half-wave potential was 36 millimeters. Equating

the givea Lalf-wave potential value to the deflection, times a
constant, k, we have:

(36) (k) = .880
k = .033
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The constent, k, includes the sensitivity of the galvanometer
and the ruaéor of two that compensates for the AC voltage not

measured. The results obtained by this method are:

DEpLE a%:; ON HALF-WAVE m%%g& HALF-WAVE FPOTENTIAL SUBSTANCE
i alculaieq {TYables
29 +95

«99 ’ Zine ion
18 W .59 Cadmium ion
14 46 39 Lead ion
1 LA .18 Oxygen

The primsry error was caused by the difficulty in fixing
the point of the half-wave potential on the trace shown on the
osoillograph. At lower voltages the trace becomes smeller, and
thus the possible error would tend to be greater. The retura
trace also caused considerable trouble., As the voltage is de~
creased, the return trace teads to rotate about the top portion
of the curve, from right to left, distorting the curve.

 ¥igure 9 shows how the trace on the oseillogreph appeared
at a voltage ebove the balf-wave potential for zine. ¥ig. 10
shows the trace at the half-wave potential of zinec.

One way to eliminate the heavy return trece on the oseillo-
graph is to use a 60 oycle saw tooth wave in place of the sine
wave. The saw tooth wave rises linearly to a maximum valve then
almost instantly drops to a minimum value. The sudden drop is
of sueh short duration that the retura trace is eliminated.

A saw tooth onaillater\and a single stage resistance coupled
amplifier were constructed to provide the voltage supply (fig. 11).
The oircuit used (fig. 12) is essentially the same as used with
the sine weve. The ilput voltage is taken .. . across a half
megohm resistance. A one megohm potentiometer serves as a

voltage divider, used to pick off the required voltage needed.
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(9]

The voltege drop across the dropping mercury electrode is passed
through a éingls resistance~coupled amplifier and impressed on
the horizontal deflection plates of the oseillograph.

The voltage drop aeross the half-megohm potentiometer is
proportionial to the current through the dropping mercury elec-
trode. This voltage ii impressed on the vertical deflection
plates of the oaoillmgiaph after passing through a single stage
reslstance-coupled amplifier.

The amplifier usged was constructed from two 6L6 tubes; one
for the vertical amplification, one for the horimontal. Figure
13 1s a schematic diagram for one of the tubes. 4 6SN7 tube
was used at first but the saw tooth wave was too distorted to
be of any value,

A gatisfeetory curve with e negligible retura trace was
obtained on the esthode rey oscillograph by using the eircuit
given in figure 12.

The maximum ecurrent drawn from the saw tooth generator is
of the magnitude of milliamperes. In the 616 tube (fig. 11)
the current flowing between ground snd the cathode was oaly
18 milliamps, This means that aany instrument used to measure a
voltage drop across any pert of the elreuit must draw practically
no current.

A slide back vacuum tube voltmeter is an ldeal device to be
used here. This instrument messures the peak value of the wave
and drews a negligible amount of curreat. As no such instrument
was readily available, end time did not permit its construetion,
it was not possible to measure the half-wave potentisls of the
ions in the test solution. If the vacuum tube voltmeter had
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(10)

been available, the half-wave pwtintialn would be measured by
reading the voltage drop across the aropping mercury electrode
when the top of the trace ecorresponded to point ¢ of figure two.

This experiment shows that the cathode ray oscillograph can
be used in polarographic enalysis at least to give falr qualtita-
tive results. |

The 60 eycle sine wave proved to be the most coavenient voltage
to use but the heavy return trace mekes a good reading diffieult.
The 60 cycle saw tooth weve eliminated the heavy return trace but
is not as easy to obtain nor to measure as the sine inru.

A bigh resistance voltmeter (at least 20,000 ohms per volt)
is needed to read the voltage drop across the dropping meroury
electrode if the sine wave voltage is used. However, i vacuun
tube voltmeter is needed to read the voltage out-put of a saw
tooth generator, and from this value to compute the proper D.C.
voltage o put in the eireuit (fig. 12/ between the half-megohm
resistance and the one-megohm potentiometer. Onee the proper
D.C. voltage is in the circuit a high resistance voltmeter can
then be used seross the dropping mereury electrode. The 701}~
meter will measure only the D.C. component of the voltage drop
but the ratio of the D.0. voltage to the peak A.C. voltage will
be constant. From the reading of the voltmeter the half-wave
potential of & reducible substance may be determined.

SUGGESTIONS FOR FUTURE WORK
1. Investigate the quantitative possibilities of using a
differential eireult that would directly indicate the
Qanaqntrntioéubr‘ﬁhn ion at its balf-wave poteatial,
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Figure 14 is one possidle oircuit. When there is no change
in the current, it will flow through the resistance. When the
ourrent changes due to the decomposition of am ion, the change
should cause & curreant to pass through the capacitor. This
signal could then be amplified and impressed on the vertical
deflection plates of the oseillograph.

Figure 15 shows what the trace might look like for three
different lons, each at & differsat concentration.
2+ As each drop of merecury falls, the trace rllctgra.aénta~
tarily. This can be -lin;anttd by synobronizing the drop time
to the frequeaey (1), |

Another method worth investigating would be the use of a
commutator or an electricsl equivalent with a bigh frequency
voltage and a long persistance oscillogreph sereen.

Flgure 16 shows that a high frequency will casuse several
traces while the mercury drop forms, (A to B)., When the drop
breaks and fells, rendom traces are observed, (B to C). As
the new drop forms, (¢ te D), the traces reappear.

The commutator could be adjusted so es to prevent the
portion of figure 16 between B and C from being reproduced on
the oseilliograph.

The persistaney of the sereen thea could keep the last
trace, L, visible uatil the first trace, ¥, from a new drop
is reproduced, and in this way e steady trace should be

observed on the oscillograph.
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