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HISTORICAL

In 1903 Kuceral constructed a dropping mercury electrode for the purpose of
studying the electrocaplllary curve of mereury in various electrolyte solutions,
this type of electrode being especially convenient for the determination of the
surface tension of merceury under various conditions. During the course of his
investigation he observed certain peculiar inflections in the electrocapillary
curve when the solution contained reducible substances and it was his suggestion
that further investigation be made of these "anomalies" that prompted Heyroveky
to begin the investigations which ultimately led to the development of polaro-
graphic analysis. The first reference to this new method of analysis was pub-
lished by Heyrovsky in 19232,

In 1925 Heyrovsky and Shikata? constructed an automatic instrument which
recorded the results photographically, Present automatic instruments, although
many show refinements and are far more complicated than this simple instrument,
are based on the same principles and operate in much the same manner.

The value of the polarographic method of analysis was recognized almost
immediately and efforts were made to apply the method to the field of orgaunic
as well as inorganic analysis. The first reference to an organic compound
investigated with the polarograph was the work of Shikata® with nitrobenzene.
This was followed by studies of a great number of organic compounds, most of the
work being done in the laboratories of Heyrovsky, Shikata and Semerano. The

major developments, however, both theoretical and applied, came in the inorganie

1 G, Kucera, Ann. Physik, 11, 529, (1903).

2 J, Heyrovsky, Phil. Mag., 45, 303, (1923).

3 J. Heyrovsky and M. Shikata, Hec. trav. chim., hb, 496, (1925).
b M. Shikata, Trans. Faraday Soc., 21, 42, (1925).



field of necessity since the reductions of organic compounds in most cases are
irreversible or at least involve irreversible steps, and interpretation of the
resulting current-voltage curves was impossible with the electrochemical data
available to these pioneer workers at that tiue,

In an effort to fix upon some point on the current-voltage curve which would
have sufficient significance to enable identifications and camparisons to be made,
a number of suggestions were made by early workers in the field., At ﬁ.rsts that
potential at which an increase in the applied voltag_o produced an increase in the
current of 10™% amperes was arbitrarily chosen, this being called the "deposition
potential™ of the ion. Later Sunmm(’ suggested as being more characteristic
the applied potential at the point of maximum curvature of the polarographic wave
whi:ch he obtained by placing a tangent at 352 16' to the curve. On the other hand
Shikata’ chose to use that value of the applied voltage at which an increase of
10 mv, produced a rise in current of 1,9 X 10-8 amperes, calling this value the
"reduction potential®, All of these methods, honwa;r, possessed the very serious
disadvantages that the potentials so observed changed with the concentration,
with the sensitivity of the galvanometer, with the drop time, and with the rate
of flow of the mercury. Consequently it was a great step forward when Heyrovsky
and Ilkovie® explained the thecretical significance of the polarographic wave and
suggested the use of the half-wave potential for each ion. This value is independ-
ent of concentration, drop time, and galvanometer sensitivity.

The theory of the half-wave potential shows that this potential, when

5 J. Heyrovsky, Chem. Listy, 16, 256, (1922).

6 . Semerano, Gasz. chim. ital., 62, 518, (1932).

7 M. Shikata, Mem. Coll. Agr. Kyoto Imp. Univ., Ser. No. 4, 1, (1927).

8 J. Heyrovsky and D. Ilkovie, Coll. Czech. Chem. Commun., 7, 198, (1935).



measured under certain conditions, is mathematically related to the potentio-
metrically determined oxidation-reduetion potentials of these syst-m.g’ 10
As a result of this discovery, many organic reactions are being studied with the
dropping mercury electrode. A list, purporting to be complete, of all organic
compounds which have been studied polarographically up to June 1938 has been
compiled by O. H. Muller.ll Subsequent references to such works may be found in
the Bibliography of Polarographic “iterature published by E. H. Sargent and
Company covering the period from 1922 through 1945.

The use of indicator electrodes other than the dropping mercury has been
reported, Of these the solid rotating platinum microelectrode is perhaps the
most usable, Kolthoff and Lingane™2 and Laitinen™ have described various forms

of these microelectrodes along with their respective characteristics,

9 J. Lingane, J. Am. Chem. Sec., 61, 2099, (1939).

10 o, H. Muller, The Polarographic Method of Analysis, Mack Printing Co.,
Easton, Pa., (1941).

11 ¢, H. Muller, Chem. Revs., 24, 95, (1939)«

12 1. Kolthoff and J. Lingane, Polarography, Interscience Publishers, Inc.,
New York, 439-441, (1941).

13 I, Kolthoff and if. Laitinen, J. Am. Chem. Soc., 61, 334k, (1939).



INTRODUCTION

The polarographic method of analysis is based on the interpretation of
current-voltage curves obtained when a cell containing an electrédxidizable or
electroreducible substance is electrolyzed with a constantly increasing voltage
between two electrodes, one of which is easily concentration-polarized, the
other non-polarizable., Qualitative information is obtained from the voltage
necessary to reduce or to oxidize the substance whereas the magnitude of the
current flowing during electrolysis provides quantitative information.

Either an automatic continuously recording instrument or a manual instru-
ment may be used to obtain this information. The former has the advantage of
a constant rate of inereasing the applied voltage during electrolysis and of
yielding a continuous curve rather than a series of points. Slight peculiar-
ities which might otherwise escape notice are automatically detected and recorded.
This, plus the saving in time, makes the automatic instrument highly desirable.
The major portion of this investigation was made using one of the more simple
of the automatic instruments, Sargent's Model XII polarograph, which records the
curves photographically. However, for studies where the time factor, i.e., for
equilibrium to be reached, is important, a mamial instrument was used. The
schematic diagrams of these instruments are shown in Figs. 1 and 2,

For both instruments the basic theories and essentlial parts are the same,
The apparatus necessary for the basie polarographic cireuit consists of four
units: (1) a source of electromotive force; (2) a means of varying the poten-
tial applied across the cell; (3) the electrolysis cell; and (4) the galvanom-
eter circuit. The circuit of the automatic instrument is shown in Fig. 1. The
galvanometer circuit consists of a low-internal-resistance d'Arsonval galvanom-
eter of high sensitivity (10-9 amp/mm) and a long period of swing (15 seconds).

The period of the galvanometer swing is increased by means of a damping resistance
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across the galvanometer since a perlod of 20 to 40 seconds is needed. The auto=
matie instrument used for this investigation did not have a condenser to smooth
out galvanometer osecillations, although the manual apparatus did have. (Fig. 2)

In operation the polarographic method involves the measurement of the cur-
rents flowing when known potentials are applied across the electrolysis cell,

A graph of such data either plotied or automatically and continuously recorded
is called a polarogram. A reproduction of a ty.pical polarogram is shown in Fig.
3. The significance of the various parts of the polarogram itself will be pre-
sented after a brief discussion of underlying theoretical prineiples.

If the electrode is very small and the scolution is not stirred during elec-
trolysis, the reaction depletes the reacting substance in the solution in contact
with the electrode and thus produces a concentration gradient between the body
of the solution and the solution at the electrode surface. as the applied poten-
tial is increased this concentration gradient increases and the current, which
is proportional to the rate of formation of products at the electrode, reaches
a limiting value which is dependent only upon the rate at which the reacting
particles move from the more concentrated body of the sclution to the less con=
centrated solution at the surface of the electrode. The movement of these
particles toward the less concentrated solution at the electrode is due to two
foreces: (1) migration of ions due to electrostatic attraction of the eleetrode
for ions of opposite charge; (2) diffusion. Thus at sufficiently high potentials
the total current which flows through the cell will be the sum of these two
currents, i.e., a migration current and a diffusion current.

In polarographic analysis im;olving ionized substances it is desirable to
minimize the migration current so that a well defined, reproducible wave due
entirely to the diffusion of the reducible ions (or oxidizable ions, if the
dropping mercury electrode is made positive) across the coucentration gradient

is obtained. This is accomplished by the addition of an indifferent electrolyte
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to the solution in sufficient concentration to blanket the charges on the droplets
of mercury as they form, thereby minimizing migration of ions which are present
in lower concentration. Wkhen a large excess of such an electrolyte (a salt
whose ions are not involved in the electrode reaction) is added to a solution

of relatively small concentrations of the oxidizable or reducible ion under
consideration the current through the sclution will be carried practically en-
tirely by the indifferent ions. Under these conditions the tendeney of the
reducible ions to migrate under the influence of electrostatic influence is
negligible and the measured limiting current becomes almost solely a diffusion
current. In actual practice the concentration of the indifferent salt is usually
at least ten times and preferably one hundred or more times as great as that of
the ion u.nder study. Ubviously the potemtial at which the ion of the indifferent
electrolyte will react at the electrode must be greater than that for the ion
under study.

Diffusion at a dropping mercury electrode is spherically symmetrical but
owing to the periodic growth and fall of the droplets, the area of the electrode
surface changes continuously during the life of the drop. Although the problem
of diffusion at the dropping mereury electrode ia-i‘ar more complicated than
symmetrical diffusion at a fixed sphere, Ilkovic and other workers™? 1% have
derived, for the resulting current for the dropping mercury electrode, an empir-
ical equation which is reported to be most satisfactory,

An examination of Fig. 3 shows that the polarogram actually comsists of
several curves: (1) a linear curve (R) beginning, in this case, at zero voltage
and current and rising slightly above the abscissa; (2) the wave proper; and
(3) the limiting-current curve. The linear curve is finally interrupted by the

1 p, Ilkovie, Coll. Czech Chem. Comman., 6, 498, (1934).
15 1. D. MacGillavry and E. K. Rideal, Reec. Irav. Chim., 56, 1013, (1937).
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"wave" when the deposition potential of a reacting ion is approached. This lin-
ear curve with a very slight rise is known as the residual current. It occurs
even though no apparent electrolyzable material is present.

With the dropping mercury electrode this small residual current arises
partially from the fact that as each new drop of mercury grows a small current
must flow in order to build up a charge on the mercury corresponding to the
applied potential., With stationary or rotating microelectrodes, the charging
current is zero since the electrode area is constant; however, a small current
due to unknown causes still flows. Obviously the residual current must be sub-
tracted from the total current cbserved in quantitative determinations,

The wave portion of the polarogram is the most significant in polarographic
analysls., From this comes the "half-wave" potential, i.e., a point halfway be-
tween the projected residual current line and the flat upper portion of the
curve after the maximum change in current flow has been reached. This potential
is, under the proper conditions, characteristic of the substance producing the
wave, For example, the half-wave potential for the cadmium ion in 0.1 N aquecus
solution of KCl will be found at -0.60 volts when determined against the satu-
rated calomel electrode. Indifferent salts other than KCl way shift the half-
wave potential slightly but literature values specify the potential vs. S.C.E.
for a specific carrier salt.

The height of the wave ("h" in Fig. 3) is a function of the concentration
of the ion vhose deposition potential has been reached. If conditions are held
constant and suitable standards are available, the wave height gives quantita-
tive information. Accuracy is limited by the reproducibility of the wave and
the aceuracy with which measurement of the wave height may be made. Taylor:® has

recently discussed the merits of various methods in use for evaluating quantitative

16 5. K. Taylor, Anal. Chem., 19, 368, (1947).




results.

The practically flat portion of the curve occurring at voltages beyond the
deposition woltage for the ion is the "limiting current™ curve, As was explained
earlier, this phenomenon is caused by the extreme state of concentration polar-
ization which results from the depletion of the electroactive material in the
immediate vieinity of the electrode surface as a resuli of electrode reaction,
The factors affecting the limiting current are: (1) the residual current, (2)
the migration current, (3) the diffusion current, and (4) the adsorption current.
Of these, only the last two merit additional discussion,

Tlkoviel? has derived the following equation for the diffusion current at
the dropping mercury electrode at constant temperature with no stirring:

14 = knFoot 22/ 31/6,
In this equation k arises from the geometrie characteristics of the dropping
mercury electrode; nF is the number of coulombs involved per mcle of electrode
reaction, C is the millimolar concentration of electroactive material per
liter; D is the diffusion coefficient of the electroactive material in em?/sec.;
m is the mass of mercury flowing through the capillary in milligrams per second;
and t is the drop time in seconds at the half-wave potential.

The last two quantities in the Ilkovic equation, m2/3t1/ 6, are important
because they establish a relationship by means of which diffusion currents
measured with different capillaries and with the same capillary at different
potentials may be compared. In actual practice, the drop time and the teuper-
ature are kept constant throughout a determination.

The occurrence of maxiua is well known in polarography. HMany of the current—
voltage curves show this distortion unless measures are taken to prevent their

occurrence. These maxima vary from sharp peaks that send the galvanometer off

17 b. Ilkovie, loc. ecit.
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the scale to rounded humps., Maxima have been variously attributed to the stir-
ring effect of the droplet of mercury and to nomuniform adsorption of electro-
active material on the surface of the droplet of mercury. In either case they
seem to be due to an unbalanced charge on the droplet of mercury. A turbulence
is thus produced and true concentration polarization is not reached. In many
instances the curve shows a slight drop from the top of the maximum below the
limiting~-current line and then rises again to the flat portion of the curve,
Whatever the cause, maxima must be eliminated in polarographic work. This is
usually accomplished by the use of surface active agents such as dye ions or
colloids. Gelatin is commonly used, but the amount present in the solution must
be carefully controlled between 0.002 and 0.01%M2 since a lower concentration is
not an effective maxima suppressor and more tends to suppress the diffusion current.
Polarography has been applied quite extensively to the ;‘ield of inorganie
chemistry and to a far lesser extent to the reduction of organic substances in
aqueous media, OSome studies of cations in water-organic solvent mixtures have
been reported but investigations conducted in anhydrous organic solvent media
have been few in number. In most cases of this sort the curves obtained are
erratic, non-reproducible and impossible to interpret. Ixceptions may be found
in the reported works of Bachman and Astlel? with anhydrous acetic acid. One
reference has appeared in which anhydrous liquid ammonia was used as the solvent.2C

Imstigatorszl’zz working with anhydrous organic solvents have reported

: ;3 H. Hohn, Chemische Analysen mit dew Polarographen, Berlin: Springer,
1937). -

19 G, B, Bachman and M. J. Astle, J. Au. Chem. Soe., 64, 1303, (1942).
20 4, D. Laitinen and C. J. Numan, J. Am. Chem: Soe., 70, 2241, (1948).
2l E, Perracho and V. Meloche, J. Am. Chem. See., 60, 1770, (1938).

22 4. Mkins and F. Cox, J. Am. Chem. Soc., 60, 1157, (1938).
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that dissolved oxygen interferes with the wave of the ion under study. Oxygen,
even in dilute aqueous solutions, is present in concentrations of about 2.5 x
1074 M and is easily reduced to give a polarogram consisting of two waves of
equal heights. According to Heyrovsky>> the first wave is due to the reduction
of molecular oxygen to hydrogen peroxide.

0y + 2H* 4 26 ~——3 Hy0, (acid solution) or

Op + 2H 0 + 2e —— Hy0, + 20H™ (neutral or alkaline solutions)

The second drawn-out wave corresponds to the reduction of hydrogen peroxide
either to water or to the hydroxyl ion.

HyOo + 2H* 4 2e¢ —-3 260 (acid solution)

HyOp 4 2 ———3 20H” (alkaline solution)
All these reactions are 1rrovmih;‘l.o at the dropping mercury electrode and re-
quire considerable overvoltage.

The first aaqgah wave is characterized by very pronounced maxima but these
are easily suppressed by capillary active substances such as dyes or gelatin.

Kolthoff and Miller®# reported that the potential at which the first wave
appears is practically independent of the pH of the solution but that it varies
somewhat with the nature and concentration of the anions that are present.

Strnad?’ reports that small concentrations of heavy metal ions exert a
pronounced effect on the waves of oxygen; the effect of the lead ion was partic-
ularly marked, Vitek?® has pointed out that the diffusion current of oxygen is
several times larger when anhydrous methanol is used as the solvent than is the

23 J. Heyrovsky, Trans. Faraday Soe., 19, 785, (1924).

2 I. M. Kolthoff and C. S. Miller, J. Am. Chem. Soe., 63, 1013, (1941).
25 F, Strmad, Coll. Czech. Chem. Commmn., 11, 391, (1939).

2 vy, Vitek, Coll. Czech. Chem. Comman., 7, 537, (1935).
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casz for waber. Vitek suggested that this wight be due to s greater solubllity

of oxygsn in aleohol than in water.
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PURPUSE

This problem was undertaken in order to investigate the possibility of
developing a direct polarographic means of analyzing for lead in motor fuels.
Such an analysis, if successful, would be highly beneficial to the petroleum
chemist, since present methods involve time comswaing precipitation of the lead
as elther the sulfate?! or chromate<d along with frequent evaporations. The
process as outlined by Birch®’ requires several hours for each analysis. An
X-ray method, although requiring a much shorter time, requires exceedingly ex=
pensive equipment and a highly skilled operator. If such an analysis could be
made polarographically, the saving in time and equipment would be of utmost
importance,

An examination of pertinent litersture>*31 showed that the concentration
of lead varies from 0.5 to 3.0 mls, per gallon of gasoline (3.785h liters) and
up to 4.4 mls. per gallon in aviation type gasoline., One ml. per gallon is
equivalent to ten parts in 1400 parts of gasoline by weight. This concentration
is well within the concentration limitations of polarography. The direct polar-
ographic determination of copper did not appear feasible since the maximum con-
centrztion of copper permissible in gasoline is too low, being of the order of
1070 K.

Preliminary work with lead (II) salts in nonaqueous media failed to give
reproducible :lntwprcbah‘lc results although the saue salts did give reproducible

. S T S A s i 52 -
28 G, Ferreri, Giorn. Chim. ind. Applicata, 1, 625-626, (1925).
29 s, F, Bireh, J. Ingt. Petroleum Tech., 10, 816-817, (1924).
30 R, H. Aborn and RB. H. Brown, Ind. Eng. Chem. Aumal. Bd. 1, 26-27, (1929).
31 &, Droegemmeller, ASTY Bulletin, TP 211, (1948).
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éurves in aqueous solutions under compafable conditions, This.difficulty with
nonaéueous solventswindicated,that‘fﬁrther knowledge of the behavior of lead ions
in nonaqueous media ﬁas;néeded before a method of direet pularographic .analysis
of lead in gésOiine,eéuld‘be'peffecﬁéd,. tiethyl aleohol was chosen as the solvent
aftgr coﬁﬁubtance énd solubility tests indieated that solutians of methyl alcohol
with lithium ehloride carricr compared favérably with agueous Q.1 } potassiwm
ciiloride selutiéns. Hethyl alechol was choséen also because it was beligved that
gascline would be'saluble‘inlit to such an extent that the concenbtration of lead
~would be satisfactory fof»polarogfaphievanalysis; Too, alcohols in general afe
gbod solvents for mgny'érganiC»and,inorgaﬁiC-CGmpqunds.

Blaék,32 working ab this-institution; reported- that nd.limiting current for
nickel was discernible in methanol-water solutions where‘tﬁe‘conceﬁtration of
methanol exceeded»@l%'by voluue, fhe,main emphasiéjof this invéatigation was
the study of the-behavior:of 1ead’in/non§Quecus media. SuehiaAstﬁdy is necessary
before direct pularographie analyéis for lead in gasoliée ¢an bé agcomplished,
‘Qwing to thée lack of tiwe it was not possible both to thoroughly investigate the
Behavior of the lead ion in ahhydruuﬂ medis and in addition to apply the acquired
kﬁéwledge to perfectihg’a*method for:direct deterﬁination of lead in gascline. .
This problem then is of & qualitative nature.and no speeial effort was made to
fobtain quantitative daté, The investigatof was iﬁtErestea irr perfecting a tech-
aique that would give reprcduciblebinterpretable %esults‘underranhydrdus condi-~
tions; this technigue in turn should point the way for late:;&pplications‘to the :

actual analysis of gesoline for lead.

32 H. Black, Dolarographic Studies in Crganie Solvents, YUnpublished . 5.
thesis’ C nA .%‘1. g- E) (191‘,8) .
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Instrumental Procesdure
In a typical run using the dropping wmercury electrode and a pool of mereury,

about 10 ml. of the solution to be electrolyzed is placed in the elestrolysis

“‘ &

cell and puriiied nltroben gas is bubbled through it for a winimum of fifteen
winutes te remove diss@lved,oxygeme hile the solution is bﬁing-dé@xygenated,
the éaﬁera is loaded and pscrted in the instrument. If desired, a za;o—volbaéb'
lire may be put on the fili by opening the camera shutter ard slowly moving the
galvanometer light aecross the scale, Then, with only the galvanomeber light on,
the éotor is turﬁed on 'These‘operations give a straight line along the bottom
of the plate and a vertieal l1ne from wh¢vh current and voltage measurements,
resy eriVEly, can be. maae.} |

After deoxyg eﬂ&t on is complété,‘the flow of gas is discontinued and a
swall quantity of wercury is poured into the elecirolyais,céll Lo serve as the.
anode., The drepping meroury slectrode is inserted, the desired voltage and

galvancmeter settingsvaré made, the camera is opened, and the motor switch is
turned Lo the 'on" position. The electral“sno is eontimued untlT the full
volbage which was preset. by the operator has been scanﬁed, or it may be dis~
continued at any tiue by the operatdr.‘ cherﬂl analyses or “runsY may be made
on the same sheet of photographiec paper.

When the runs are completed, the paper is removed Irow vhe camera and is
developed and fixed by ordinary photog raohlc methods.

Tleagents

a o

Since the reagents used in this investigation were of such nature that Lhe
only 1mpur1tlev which should 1nterfere vould e t.nse which shos'up in polar-
Cgrans, 1t was felt that polarogravhic tés Ls For vurltj would be sufficient.

Reagent grade chemicals were used where paséible. . The source and treatment

of esch of the reagents used in this investigation are as follows:



18

Acetone. Anhydrous G.P. acetone from the Mallinckrodi Chemical Works of
St. Louis, Missouri, was kept dry over commercial Drierite.

Drierite. (GaSOh). Both polarographic and conductivity tests showed no
interference from this dehydrating agent. Drierite was manufactured by Hammond
Company, Yellow Springs, Ohio.

Gelatin, Ground edible gelatin was obtained from the E. H. Sargent and
Company, “hicago, Illinois. <

Guanidine Hydrochloride. White~label guanidine hydroehloride obtained
from the Bastman Kodak Company, Rochester, New York, was used without further
puri fication.

Lead Acetate. Lead acetate was obtained from the J. T. Baker Chemical
Company, Ph:!’?llipabws,;_ New Jersey, and was used without further purification.

Lead Cm- ride, C.P., lead chloride from Eimer and Amend, New York, New
York, was used without further purification, '

Lead Nitrate. Lead nitrate was obtained from the J. T. Baker Chemical |
Company, FPhillipsburg, New Jersey, and was C.F., grade, used without further
purification,

Lithium Chloride. Lithium chloride was prepared from reagent grade hydro-
chlorie acid and C.P. lithium hydroxide, Polarographie tests showed no inter-
fering impurities up to 2.2 volis, so the reagent was used without further
purification, It was necessary to dry this reagent in an oven at 105° C.

Mercury. U.5.P.C.P., triple~distilled mercury, obtained from the Metal~
salts Corporation, Patterson, Hew Jersey, was used without further purifieation.
The used mercury was reclaimed and purified by washing with 1 N nitric acid and
then bubbling with air under 108 nitric acid for at least 24 hours. It was then
washed repeatedly with distilled water, the---oaw_ua' water removed, and the mer-

cury filtered through a very small hole punched in high grade filter paper,
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The mercury was kept in a desiccator over concentrated sulfurie acid prior to
use,

Methanol. iHeagent grade absolute methyl alechol cbtained from Merck and
Company, Rahway, New Jersey, was used without further purification.

Nickel Chloride. Reagent grade nickel chloride obtained from Merck and
Company, Rahway, New Jersey, was used without further purification.

Nitrogen. Water-pumped nitrogen obtained from the Matheson Company, Joliet,
Illinois, was bul;bled through an oxygen absorber and through concentrated sul-
furie acid prior Igto use for degassing purposes, It was finally passed through
a wash bottle containing the same solution as that in the electrolytic cell,

Potassium Chloride. HReagent grade potassium chloride obtained from Merck
and Company, Rahway, New Jersey, was used without further purification.

Pyrogallic Acid. Pyrogallic acid conforming with U.S.P. XI requirements
was obtained from Eimer and Amend, New York, New York. An alkaline solution
of this acid was used to absorb oxygen from the tank nitrogen.

Sodium Acetate. C.P. grade sodium acetate was cbtained from Eimer and
Amend, New York, New York, and was used without further purification.

Tetramethylammonium chloride. Practical grade tetramethylammonium chloride
obtained from Sastman Kodak Company, Rochester, New York, was dried and maine
tained in a desiccator over caleium chloride before use.

Results and Conclusions

When pure water is electrolyzed with the dropping mercury electrode, a
straight line with very little slope (the residual current line) is obtained
until the decomposition potential of water is reached. By analogy, it was
expected that an organic solvert or a mixture of water and organic solvent
which produced a similar curve during electrolysis would be suitable for use
as the medium in which soluble reducible substances could be studied polare-

grﬂphimuo
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Ih selecting the organic“solveﬁts.t@wbé=u5ed‘in the course -of this invesfié
gation, it was- mecessary Lo consider several questions: (1) is the.splveat 
stable to a minimum of two volts, this being!thc Pange arbitrarily seb for work
witﬁ the lead ion; (2) is the conductivity of = solﬁtibn of the solvent satu-
rated with a carriérﬁgalt of the same approximate order of magnitude as the

eonductivity of an C.1 ¥ potassium chloride solution in wabter; (3} are any.

G 2

available lead salts soluble to an aporeciable exbent in-ua13~solvéﬁt.v The

final eriterion, of course, would be the abilitylof an auaydrous solutioﬁ of the
chosen solvent, carrier, and lead salts to give a reproducible lead wave. -The
two-volt range was chosen because at poteutials less negative than this value
most carrief salte and solvents show'stability and it was thought'desiréble to
follow changes caused by anhydrous solveunts tb as negative patentialé as poséible;
4 two-volt range across the patemtieméter aiso-is convanlent since bto determine

a particular value fdr'thé-appliéd:voltage auring'a run,vona nead only multi?ly
~the value on the rotabing camera by two.

Preliminaryrwork.wagv&dne~with methyl alcohol, acetone and glaclal acetic
acid as solveats. Indifferent carrier.éalts tried in thess solvents were - potas~
giug éhloride,~guanidine hydrochloride, tetramethylammoniumrﬁhloride; sodium
. iodide, sodium acetéfe, potassiun nitrate and lithivs chloride, The source of
lead ions was lead mitrate; lead acetate,~or»léad chloride. Legassing was
accomplished originally by use of comsercial water-puuped tank altrogen with
no purification. HNone of the ecurves dbtained‘during this ?hase-of the investis~
gation could be iﬁter@retéd.since thsy showed no Haiting onrrent and wépe~nat:—
reproducible,  Even re~runs of the same solution féiiedvtdrfive»simiia§~¢urva$;

Conductiﬁitj tests indicated that-anhyd?éus*methanol,with Lithium chloride
as carrier cﬁmpared-faVOEablyiwfth.aﬁ:aqﬁeous-s.i'ﬂ;saluhion‘mf potagsium chlo=-
ride; Because of this, aastﬁdy-waé-madé of’ihe‘curves optained with anhydraus

methanol and this earrier. The resulting curve showsd the eypeched straight
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line with a slight rise wifh ne apparent instability up bto the full negative
two volts. Thus it was decided to use this solvent for all subseguent work
@ither under anhydrous conditions or in mixtures of-water—aléchol solutions,
A check of solubilities showed that lead acetate and lsad nitrate arve both
soluble in these solvents to an extent suitable for polarographic determina-
tions.

?ol&régrayhiqustudy>o£'a solution ef a lead salt dissolved in- anhydrous
methanol eontaiving a-carrier eleetrolyte; however, produced strénge results.
Poorly defined waves oceurring at different potentials (not reproducible) were
noticed. The curfentsvwere large in magnitude andvseldom.shéwed signs of
leveling off te¢ a troe diffusion current. 8ince the only change in the solu-
tions was the addition .of the lead salt, it might be concluded that either the .
iead ion behaved erraticaliy in. alcoholir media or bthe interference was due to
some reaction involving the anion of the lead salt. Chenging the anlons failed
to improve the wave forms or to stabilize the botentials atAﬁhich the waves
began. | |

Yore and nore, however, the evidence tended to point toward the enhanced

oxygen wave in organie medla in the presence of the lead ion. VitekJB had

pointed out the inereased difficulty of degassing methanol solutions and
Strnach had reﬁorted that the effect of a heavy ion quch ag that of lead is
to give an ephanced oxygen wave, the»effect-of‘lead being sgemimgly~catalytic
in nature. These two investigatérs were studying the diffusion current of
exygen, being interested in the guantitative determination of oxygen in-techni~
_ eél gases and solutlons. utfﬁ&d attributed the seeningly cataijtlc effeﬂt of

lead {(wost pronounced whﬂn.tne 1ead 1on ccncentratloJ was about 0.001 ) to

3 v, Viiek, loc. cit.

3% §. stroad, loc. cit.
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the formation of lead (IV}) by the oxidation of the plumbous ion by the hydrogen -
peroxide first formed. This catalytic effecﬁudisappeared when traces of acids
or bases were added to the solution. - In a neutral sclution any lead (II) com-
pound (Fb05?) formed would be ismediately reduced and thersfore the net result
would be the reduction of the oxygen lon-.all the way to water or hydroxyl ion.

Vitek claimed that the presence of a few hundredths of a percent of oxygen can

be detected polarographieally. - The work of Black ’ with the niekel ion in ane

hydrous media has,previously'beeﬁ'mentianed;rAln.considering our results and the
results of the other investigaiors mentioned, it becaune increasimgly‘a@parent
that none of the workers in this field had atiributed sufficient importance to
the role of oxygen as an interference in’n0na§pe0usrpslarogfaphy where heavy
metal ions areaprésént. This is not surprising -since the Mwaveph obiained re- .
sembled nothing whieh had ever been obtained in aqﬁaous solutions and varied
wiﬁhout any apparent reason. - |

To study_thezptbblemiof dissolved oxygeh and its effect ont the half-wave
:pcténtial,of lead, it was decided to dimprove the efficiency af the degassing
techniqpe and to wsa.#aribus1alcoholfwater mixtares to. see hqw this effect
varied with'thevparcentage of alcchel in the-solutioni‘léltheugh ordinary tank
-nitrogen had provedgsatisfdctbry for degassing agqueous solutions};it-apparently
éonﬁained enough GXYgeﬂ itself to cause iﬂterferencé‘wﬁen:ﬁ@thanol?was used ag”
the solvent. After an examination of reported ways of removing oxygen Irom
tank nitrogen, it was decided to bubble the nitrogen through one or more.towers
containing a solution of the sodium salt of pyrogallic acid. The gas was passed
‘ﬁhrough an Erlenmeyer flask trap tO»éatch any entrained material and:thencg
through a container of concenbrated suifuric acid to remove any water vapor that

wight be present. After this treatment, thes gas was bubbled through a gas-washing

3% H. Black, log. cit.
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bottle containing the same solvent as that belng used in the e¢lectrolysis cell,
This saturated the siream of nitrogen with the solvent snd th@reby‘prevehted
loss of solvent in the cell by evaporation., A schewatic drawing of the degas-
sing aéparaﬁHS»is shown in Fig; L. This spparatus was.used for all subsequent
degassing and proved to be satisfactory.

After this bétter degassing technique was developed and tesﬁed satigfac~
torily, it was decided ta.changé from anhydrous cenditions,iniof&ef to.étudy:
the effect ef'incfeésingralcohcl»cOﬂcentration on deg&ssimg‘needs; “Aqueous
solutions of lead'exhibit}a well—defined half-wave with little or no speéial
~degassing whereas preyious efforts to obbain a simple half-wave in anhydroué.
media gave erratic results. An abtenmpt was made to'establish the minimun con-
centration of ‘aleohol in water necessary Lo climinate the simple wéve first
without additional purification of the imert gas and thew with the purified gas.
In this work the concehtration of alcohbl‘was varied from O to 1007 in steps
of 25, 50, 75, 90, 95, and 100 percent. The result of imereasing aleoholic
content is shown in Figs;'Sﬁ and 5B. It should:be ﬁ@te&'thaz the diffusion
current becomes progressively smaller with increasing amounts of alcchol, This
is in accordance with accepted theories of ienizatlon--that aleohol represses-
ionization, It is interesting to nobe that tﬁ&-h&lfawave nobéntial of-le&d'is 
not appfeciably influenced by the cgnceﬂtréticn-of alecobol up to g-éon;entratiOn»
of 50%. Also, up to 507 alcohol cénceﬂtraﬁiaﬁ, the solutions behave éésenﬁially
like agqueous éolutions withvnofparticulargdegassimg pr@leMSs,:whenmiheiconcEﬁ—“
tration of aleéhol reaches~?5%,»a longer»degaséimgatiﬁe is,required;aalsoithgif
reproducibility of thé half—wave-patentiaL»is lessened. - The same‘isrﬂfue for -
the 90% methanol solution. Betwean:Qbfand-QSQ'alcoholic'conteﬁt,kthe half—%av;
potential of lead diséppears.and no'limihinglcurr@nt—linefis.obtaiﬂed. Thi$ \
confirms'thefebéérvations&ofuBlapkéthatfthe;limiﬁing-curreﬂ%'disappeats in*th03§‘

saluticns'wheré the alcoholie conbtent is greater than 91%. Apparently then, the
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A, Gas washing bottles containing C. Concentrated sulfuric acid

sodium pyrogallate D. Solvent
B. Trap

Fig. 4 Degassing Apparatus
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problem of degassing reaches the critical gtate st a cbhcentration of approxi-
mately 90% methanol and at higher concentrations better.deggﬁéing:teehniqne is
necessary. | |

Fig. & shows the effect of degassing time on -a bwl I sclubioen of Iithium
chloride in 1005 methaﬁola.~Whengthe_degassing'timé was five wimutes, the first
oxygen wave showed at4slightly~lessnthanfvoga.volts;-with~ﬁhirtypminntes degas—
sing, the first oxygen wéve seems largely to hava?disa@peaEEQ and- what was -appar~ -
@nily a digplacsd second oxygen wave apééared at aﬁoutv-l.O“vclt.‘ This dégassing
was accomplished with tank nitrogen with no further §uri£icatien. Since the
half-wave potential of lead is more*positive'thanv—l.OIvolﬁ;fitvseemedltﬁat it
should bs possible‘to_aﬂaiyzevfor lead in anhydrous wedia uniess the presence
of water is absolutely necessary for the.electre-reduction of lead (ﬁhich is
doubtful). However, it will be recalled that in runs with the lead ion in anhy-
| dréus ﬁethanol no interpretable results were obtained. Thus the observstions of .
Strnad36 concerning the enhancement of the éxygen wave by iead in aquecus medis
scenm equally applicable in methanol solutions. Apparently, therefore, we have
& double enhancement to deal with—--namely, the enhancement due to the methanol
solvent and the enhéncement due to the heavy metal, A wore unesarly ecomplete
removal of dissolved oxygen is required when MEihanol is uped ag the solvent
and partleuwlarly when both methanol and lead are prééent.

The effect of using witropen gas that has been purified by bubbling through
freshly prepared sodiws pyregallate is. shown in Fig. 7. The solutions were 0.1
H lithium chloride and 0.05 ¥ lcad ions in anhydrous methapol. Ourve 1 shows
‘the result of no degassing., OCurve 2 shows the result of degassing for 15 mihé
utes. Lurve 3 inaic;tes that more than 15 minutes degassing with purified

nitrogen is not necessary when lead is the only heavy metal presemt. lNote that

YA .,
20 P. Strnad, loc. eit.
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I Degassing 5 minutes

II Same solution degassed 30 minutes
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Effect of Degassing Time on the Oxygen Wave
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100% Methanol with 0.1 N LiCl and 0.05 N Pb™*

I No Degassing
II Degassed 15 minutes
III Degassed 30 minutes
GaSO& added to remove water

Fig. 7 Effeet of Degassing Using Treated Nitrogen Gas
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the,lead,waﬁe appears at: 0,325 volts and that the solubtion shows stability up
to sbout =1.6 volts. - Subseguent work has shown that by using two wash towera
filled with a solution of sodium pyrogallate and by maintaining an atmosphere
of nitrogen above the solution in the electrolysis cell during a run, the liun~
iting current line is not disrupted up te two wolts. Thus itAappears that it
is posgible to analyze polarographically for lead in abseolute methanol. Every
effort was made %o uaintain anhydrous conditions. - The mercury feor the dropping
merenry electrode and for the pool of mercury was carefully dried and kept in

a desiceator over (all,. The rubber tubing that comprises part of the electrode
was dried with warm air before a run. “he 1ithiun chloride used as carrier -
electrolyte was dried in an oven at 1052 amd stored in a desiccator nntil ready
for use. €. P. anhydrous methanol was used as the solvent and the solvent and
solutions were stored in contact with a large quantity of Drierite, it having
been found that the addition of Drierite had no noticeable eifect on either the
conductivity of the solution or the curve itself, At the coueclusion of sach
anhydrous run, & small guantity -of anhydrous CuSGh was added toc the solution in
the electrolysis cell as a test for the presence of water; no change in color.
was noticed, Reproducible \ead waves were obtained consigtently under these
conditions. iheqe results were confirmed with a saturated calomel half-ecell as
the reference electrode,

It would appear Irom the foregoing that the degassing cperation zssumes
tremendous imporitanece in analyses involving wethanol. DBachman and Ast1337'report
that in work with anhydrous acetic acid»solutibns, it is necessary to bubble
purified natural gas threugh the solutien for four hours in order to free it
from oxygen ,ufi1c1ently for Pularcgraphlc deter Jlnaulon.A'A;mere increasing

solubility of oxygen LH organlc solvents in no way exola¢us the fact that a

37 6. 8. Bachuan and i, J. Astle, loe. git.
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solution of methanol and carrier shows the regular residual current to the full
two volts; but on adding a trace of lead to the same solution the galvanometer
goes completely off the scale from the diffusion ecurrent of the oxygen. The
effect seems catalytic in nature and makes effective degassing extremely diffi-
cult.

Since during the course of investigation of the effects and the removal of
oxygen work was done with lead in various concentrations of methanol in water-
methanol solutions, it was decided to examine these polarograms to see if the
methanol concentration had any definite effect on the half-wave potential of
lead. In solutions where the concentration of lithium chloride was 0.1 N and
the lead content (always as lead acetate) was held constant, it was found that
the following half-wave potentials were obtained with a quiet pool of mercury

as reference electrodes

0 =0.47 volis

50 "00&3 volts

75 =041 volts

90 =048, =0.45 volts

95 Not observed
100 =0,35, =0.325, =0.37 volts

It will be noted that there was slight change in the half-wave potential in

the lower concentrations of alcohol. The results here also show good repro-
ducibility. Solutions whose aleoholic contents were above 50% show consider-
able variance in the half-wave potential. This is belisved due to the fact
that up to about 504 concentration of aleohol, the solution behaves essentially
like an aqueous solution. FPrevious work with degassing also tended to show that
solutions whose methanol content was 50% or less behaved in a manner similar to
water solutions. It was not possible to obtain clear-cut data concerming the
effect of high concentration of methanol on the half-wave potentials. Even in

solutions where the source of lead was the same, exact reproducibility was not
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found. This may possibly be due to a loss of efliciency on the part of the
alkaline pyrogallate although the latter was recharged frequently.

The effect of changing the lead salt is strikingly shown by the following
half-wave potentials where lead chloride was the source of lead ions and 0.1 N
lithium chloride the carrier. Conditions are comparable to those where lead

acetate was used:

/> Methanol Concentration
0 ~0.28 volts
50 ~0.23 volts
75 -0.18 volts
90 =0.17 volts
100 -0.17 volis

Lead chloride is only slightly soluble in cold methanol. To overcome this
and to insure a constant amount of both lead and carrier in each run, enough
lsad chloride was weighed out to make a liter of solutiovn wherein the lead con-
centration would be 0.001 M. Then 4.24,0 g. of lithium chloride was added with
the lead chloride to water and diluted to a volume of 200 ml. The water was
heated until both salts had dissclved; then the solution was divided, 100 ml.
being diluted with water to a volume of 500 ml. and the other portion evaporated
to dryness. A small amocunt of hydrochloric acid was added to the residue to
reverse hydrolysis and this solution was also evaporated to dryness. The res-
idue was dissolved in warm methanol and diluted with methanol to a velume of
500 ml. This procedure not only increased the rate of solution of the salts in
methanol but also insured the same concentration of lithium chloride and lead
chloride in both water and alcohol.

One run was made with still another source of lead, lead nitrate, in a 50%
methanol solution 0.1 N with lithium chloride; the half-wave potential hére was
found to be =-0.61 volts as compared te «0.23 volts for lead chloride and -0.43

volts for lead acetate, the solvent and carrier electrolytes being the same in
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all cases. In none of these triais»was the anion involved in a reaction with_
~bhe electrode at potentials more positive than -1.0 volt, yet the effect of the
anion on the half-wave poténﬁial is apparently highly significant in qﬁalitative
determinations.,
Appearanee and interpretation of a Yecond Lead Wave

During the work with the pool of mercury as the reference electrode a
curious effect was often noticed; an apparent -second wave appeared in many of
the polarograms where the only addition to the solution was the lead salt,
These waves began at applied potentials between -1.6 and -2.0 volts. Nq-reduc-
ible material of such reduction potential was known to be present. Various
lead salts were iried to see if the anion po&sibly could be involved in the
cell resetion, the carvier salt in sach case being‘lithium.chloride,’but this
apparently had no effect on the formation of the second wave. The fact that
waves did not appear in every case and that, if they did, their reduction poten—
tials were not constant seemed to warrant furtheriinvestigation. AT this phe-
nomenon showed the formation of a lead complex, it would be 6f the utmost
importance in the quantitative determiﬂétien of lead in aﬁhydrous media, If
a portion of the lead present in the solution were being tied up in a complex
ion of recognizeble potential, this fact should be available %o an investigator
so that the diffusion current for both reduction states of lead could be meas-
ured and evaluated.

The source of lead used in the eérly phases of this work was lead nitrate.
When the applied potential reached-l1.6 volbs, the limiting current was disrupted
and the galvanameteradeflections showed & rapid increase. - Ghanging the anion
to acetaté and holding the concentration of -Lithiuws chloride carrier constant
gave similar results; as did changing to Jlead chloride. Appsrently this phenom-~

enon was not due to a cathodic reaction of the anion of the salt, unless all three
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anions used here were belng decouposed at the same voltage. To check this

possibility, a run was made wilth 0.1 N pobassium nitrate with no lead present.

This solution alone showed instability at ~1.6 volts. This shows that th

@

reduction of the nitrate ion itgelf eccufa.at less than the full two volts
and that lead nitrate is unsuitable as the source of lead for those runs cover-
ing this range of potential. The reported value for the reduction wotenmtial of
ihe nmitrabe ion versus the saturated ealomel electrode is -2.1 volts. Thus it
was necessary to find obher lead salts whose anions are.n0t involved in a cell
reaction within the desired range of potential. - Both Lead avetate and lead
chioride were found to be suitable, runs with them showing no such instability
through the full rangs @f-applied,VOltage. Owing to the slight solubility of
lsad chloride in cold water and in metﬁanol, lesad acetate was finally chosen
and most of the subsequent work was done with this salt as the gource of lead
ionsg.

| The effect of increasi%g aleohol concentration upon the second wave is
not perfeetly clear. The wave has appeared in solutiops where the concentration
of alechol varied from O to 100 percent. However, when the chloride concentra-
- tion is kept constant atVG.l.E,and the alcohol concentration varied, therve is
& definite enhancement of the second wave wiﬁh‘inCPeésing alcohol eontent, This
is shown in Fig. 8 wherc the lead was éupplied“as.the chlmriﬂe;

In a2n atteapt do deﬁermine whether a chloro~lead complex might be respon-
sible for this abrupt rise in the curnenﬁ, paiarograms were wmade with lead in
aquecus solutions whsn tha»carrier‘slectrolyte3 KL, was increased in concen-
tration in steps from.e;l ﬁJtm saturaied.- 4 well defined wave appeared at
approximately the same position as did the abrupt rise in current iﬁualcchalic
media. These results areushownrinfﬁig;;9ufcr~cases~when 0.,0L 8 lead acetate
was ran in O.I?E;aqueous~potaséiumf&hloride'and:when thé zame lead concentration

was run in a saturated solution of potassium chloride in wabter., The saturated
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producing the second wave in alechol solubtions than

o)

alone. It should bes rem

bas an effsct on halfewave potentials so this
5 shift to lo values., Ia order to see if the

was necessary for the appearance of the sescond

&

o

wave, a ran was mede with sodium acelate as cayrier and lead acstate as the

ioed source. The polarograms of such salts in waler and in 50% methanol show

%)

stbability uo to 2 velts. There was no wave present other than the usuwal leaod
wave although the sccond wave apoeared if both chloride and acetats ions were

rresent in these Jolatluﬁ As arently made no dlife“—

cace in these cases vhether the source of chloride ions was potassivn chloride,

Lithiwa chloride, or ylammonima chloride, or whether the acetabe lons
cane from the lead salt or from sodium acstate added when lead ehlordide was the

gource of lead, Addit appareat efisch on the appearance

'3

of the wave altvhough o previcus cobservation in the caze of degossing an anhydrous

olation pointe y bhig possibilitye. ] wragencs of acetate is not ro-
lation pointed to & o Lity. That ths pr 2 O ctate qot re

guired is cle arlJ shown in the work with lead chloride in variocus alcohol-weter

mixbures. The second wave 'pweareﬂ in all bolxtimns convaining alcohol even
though no acetate was present. The chloride concentration here was known to be

£y TE

G.1 i1 by the method used in preparing the solutions. The wave did not appear in
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ihae agueous solatlon of the same chloride concentration.
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In attenpting to explain the second wave, the possibilities ere many. The
wave could be due to a shift of reduction potential of the cation of the carrier
salt to & more positive value. For example, potassiun chloride shows stability
to about -2.1 velts in water solutions. 4 shift of only 0.2 volts toward a

re]

less negative value would give some of the waves noticed, The concentrstion of
potassiva chloride when used as a carrier is known to have definite effect upon
the half-wave potential of an ion. This effect, howsver, is usually toward
siore negative values a3 the chloride concentration increages. Ab least this is
true for water solutions. Also the heights of the diffusion gurrents noliced
do not correspond bo ths known concenbration of the metallie ion of the carrier

salt, these diffusion currents being of less magnitude than the diffusion current

of lead., All other factors belng egqual, the diffusion current of the cation of

the ecarrier should be at lesst ten times as high as thet of lsad. (See Fig. 9.)
In solutions whers alecohol is presant it has been noted that one effect of

the sleohol is to shift the hali-wave pobentials to less negative wvalues.

=
b

aleohol causes the vovenbial of lead to be lowered, 1t appears reasonsble that
it would elso lower the reduction potential of the carvier salt and possibly
that of the solvent itself {(in water-alecohol mixtures). This would explain the

laek of a liwmiting current in alechol soludlions gince the decomposition of the

saprable to the Hydrogen wave so oiben sneountered in

solvent gives a curve gos

solarcgraphy when a viero platinunm electrode is used. If it were the “&PPTLT

salt showing instability, the high concenbration of the metal iong would give a

. Py

gimilar effect. Polubions of enh'ﬂrou aleohol dﬂi the carrvier solt fail to
show the second wave 1f thorgz shly degessed.
ihe incressing diffleulty of degassing solutions of higa alcobolic conLamt

s been mentioned previously. A& slizht possibility resalns that the second
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wave is due to the presence of dissolved oxygen although a specific investiga-
tion has been made with this in mind. Extra thorough degassing with nitrogen

and also the use of sodium sulfite has had no apparent effect upon the second

wave. The concentration of this oxygen in the solution must be extremely low

after these degassing operations; the magnitude of the diffusion current does

not indicate such a low concentration.

In work at this institution it has been found that amalgamation of metal
surfaces has an appreciable effect on hydrogen overvoltage, this tending in
each case to be less than that of mercury itself. It is quite possible that
lead or nickel amalgams which were formed during this work catalyzed the de~
composition of the solvent at a lower potential than that commonly found for
mercury, This would not explain the second polarographic wave found in an
aqueous solution saturated with potassium chloride and its abgence in 0.1 N
potassium chloride solutions. Nor would this explain the effect of increasing
methanol content unless it were the alcohol that was belng decomposed at volt-
ages less negative than usual, This second wave effect may be a summation of
several effects, i.e., the chloride concentration effect, the anion effect, and
the decomposition of the solvent caused by a particular amalgam present during
a run, This investigation has pointed to each of these as having possible
effect on half-wave or "decomposition" potentials.

Nor does the evidence rule out the possibility of the formation of a chloro-
lead complex although no eonclusive data for this formation is yet available.
One such complex, the PbCl* ion, has been reported in polarographic work S and
its existence used to explain the difference in the half-wave potential of lead
in 1 N potassium nitrate (-~0.405 volts) and in 1 N potassium chloride (-0.435

volts), both versus the S.C.E, Also, the half-wave potential of lead in 1 N

38 1. Kolthoff amd J. Lingane, loc. cit.
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potassium chloride is repdrtgdfto be =0.435 volts whereas in 0.1 § potassium
chloride it is ~0.396 volts. It is evident from the studies made ﬁhat the
- ehloride ion concentration hes definite influence upon the formation of this
second wave, whatever the cause or causss of the wave., If & complex whose
composition was, for example, PbGl; were formed having a half-wave potential
less negative than two volts, the iuwportance of the chlorids coneentration
would be evident:
Fo*t + 3017 £ mu13.

Qccording to the principle of Le Ghatelier;;an increase in'ﬁhe chloride ion
econcentration would tead to shift the equilibrium towsrd the formation of the
complex. Doubling the chloride ion concentration should have an eight-foid
effect on the concentration of the complex.. Note that the second wave is in-
variably obtained in aqueous solutions saturated with pbtaszlum chlorids or
lithium chloride. Inereasing the lead ion comcentratioh wculd.also témﬁ to
favor the formation of the complex.  Wo definite information has been obtained
concerning the effect of lead concentration upen the second wave, The qgestion
of solubility of the 1eaﬂ‘salt here would be of the utmost lwportance since the
lcad salts used in this work are at best only sparingly soluble in methanol.

Nickel is known to form coumplexes, so it was decided to see if waves com-
parable to the second lead wave could bs obtained also with nickel. Runs were
made of nickel in wdber amd'inASG_anﬁ’QO%'methanbl sclutioms,‘all against the
pool of mercury as reference slectrode, and in 50 and 904 wethanol solutions
using the 3aturated.calomel-cell-as-refereﬁce‘elect:ode.' Bither lithium or
potaseiwu chloride was used as indl fferent electrolyte. Agueous solutions in
which the chloride concentrabion was 0.1 If; whether with lithium chleride or
witﬁ’potassium.Chloridé,‘didAnot~showia*second'wave whereag saturated solutions

/

‘/,‘ ’ » o L o L4
of/ these salts did. .The second wave for nickel showed a larger diffusicon eurvent
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than did th@»seaendvlaadxwave»aﬁ»eqnal concentrations.

The results with nickel in alcoholic media were similar to those obtained
with lead, the'secend waves of both being poorly defined with no limiting*cﬂirent;
however, 1ikénthat“far~1eéd*thé‘potenﬁial?shifteduas-alcéhul cOﬁtént?inéreaged.
Tﬁe half;wave'ﬁctential'foruthe nickeixion in 50% methanol when measure&'against

the poel of mereury;was found to be ~1.2 volts and to be -l:24 volts in 50%> |
| méthénol against a satufateﬁ‘ealﬂmal,electtode- In 907 methanol versus the
calomel cell the half#ﬁave'?étential neasured ~0,67 voltéi The reported poben~
tial 01 nickel in aqpeous solatlens with 0 ;L N potass;ud chlorlde ag carrier
when determined ﬁ”&lﬁst the calomel electrade is -1 L voi%.q}

Thus, it has been{imposSible‘to aseertain-definitely‘the cause of the second
wave. lhe oceurrenca'haémbeen‘reﬁortedrbeacnSB‘ef the-ﬁaSsible‘impOPtamBé-of:
this wave in quantitative analy31s fbr ‘the lead ion by'polanog aphlc Leans.‘

During tpis investigatien, both the quiet pool of mercury and the saturated
calomel electrode have be§n;used. in attempt.was made to correlate the results
obﬁéined with the variable'pool of mercury'with,thase‘ebtained with the constant
calomel half-cell, - The results with the—iead ion in anhydfous aleohol,‘the
- resulbs with degassing, and the results with»thefsupposedrlead.aﬁd.ﬁiekél cémr
plexes were similar forrthé twb refénence electrodes. -lb was aléa'found that. the
sensitivity of the calomel electrode is‘much less than that of ihe pool of ﬁer—
cury; which means thé.t hilgher concenbirations 'o'fj ions are necessary when the
formef ig used.” Alsa,.the_difﬂision:"waﬁe“ tehds to-be flattened ih'runs made
‘with the calomel cell as refeﬁenee. ‘This was particularly warked whén,a>ncn-
ﬁglar solvent. such as liﬁrain:wasmadded to aﬁhydraus methyl alechol. The in-
creased resisiance apparently‘causes this flatten¢ng to take- plbce.v The meag-

ured resistance of tle dfﬁppln& nercury olectrode—calamel ha;f-cell w1th aalt

39 1. ﬁolthozf aﬂd J. Lingane, loc. cit.
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bridge was found to be approximately JEOO chms whereas that of the dropping
mercury electyode with the pool of mercury was sonsisbently less than 1000 ohms.
A1l values of half-wave polentials mentioned in this investigation are uncor-

3 &

rected for the IR drop. In the case of the calomel electrode this carréction
would be about 3.5 willivolts per miercampesre. Uorrections were applied for

the residual current bul since uantitative measurements were not being made,
tiere was no reason for an IR drop correction to be made for every polarogram
obtalned.

A& recent article by lLewls, Quackenbush and De Vrie 0 all of Purdue Univer-
sity, reports successful results in their polarographic studies of organic per-
oxides in nom~-agueous selution. These workers used as solvent equal volunes
of anhydrous wethanocl and benzene, Lithium chloride zod I1lthium methoxide were
uged as gupporting electrolytes. The curves reproduced in their article show

he flattened wave thet was noticed by this investigoator in work with methénol
and ligroin.

The effect of non-polar solvents is to represg lopizabicn and thereby
reduce conductivity; the flebtening of the diffusion wave is probably due to
tnis faetor. In the present investigation it was found that up to & maximum
of 10% ligroin in 90% methanol reprodacible lead waves could be obtained al-
though the height of the diffusion current step was lessened considerably by
ihcreasing ligroin content. Solutions of more than 107 ligroin by volume failed
to show enough wave height, even at maximun galvanoseter sensitivity, to give a
recognizable diffusion current. This work with ligroin was done in order to
determine the effect of such a hydrocarbon upon the diffusion current for lead.
dny direct detgr@ination of lead in gasoliﬁe by the polarographic ﬁethbd would
of course require such'avstudy. -Judging‘from the range of concenﬁrations 6?

lead in gasollne, the oolubmlltr of hydrocarbons in metharol, =znd the ability

AO W. Lewis, P. W. Quackenbush, and T. De Vries, anal. Chem., 21, 762, (1945).
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to obtain a diffusion current in anhydrous media in the presence of ligroin, it
is at least theoretically possible that lead in gasoline may be determined by

polarographic analysis.



SUMARY

A brief digcussion of the theory of polarography is presented with a
description of the basic iﬁstrument and the characteristics of the different
parts. Diagravis of the circuibts of both the sutomatic and the manual instro-
ment used in this invesiigation are shown, A typical polarogram is reprodueced
showing the significance of each part.

Hethyl alcohol was chosen as the non~agueous solvent after conductivity
and polarographic tests indicated that this solvent gave sufficiently similar
results to those obtained with 0.1 N potagsium chloride in water., Lithium
chloride was found to give the best results of all»ih@ salts tested in methanol
for use as the indifferent electrolyte.

Sarly attempts to obtain a simple half-wave for iead in anhydrous media
failed, so a study was made of possible underlying causes of this erratic be-
havior in the abgence of water. It'was'fbund.that-with witreated tank nitrogen
used for degassing the limiting current portion of the eurvefdisappeafed when
the methanol concentrati&n exceeded 90% by volume. Using nitrogen‘that had been
bubbled through an oxygeﬁ absorber, it was possible to obtain reproducible lead
curves consistently in anhydrous wedia. It was also fourd that the degassing
of water-alcohol mixtures is not critical in solutions of low alcchol concen-
tration since the‘behavior of these solutions is essentially the same as that
of purely agqueous solutions. At concentrations of 757 and above degassing
becownes more difficult.

A technigue was developed for degassing solutions where the concentratioa
of aleohol was high. It was found ihat-tank nitrogen bubbled through one or
more gas wéshing‘béttles filled with én~alkaline solution of pyrogallic aeid
degassedvsolutiaﬁs faster aﬁd“more*thofoughly than did untreated pitrogen and

that by using this treated gas plus maintaining a stream of gas above the
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solution during a run the usual oxygen waves encountered in alcoholic wedia did
not appear. This indicated that the previously mentioned difficulties with anhy-
drous solvents are due to the inecreased oxygen concentration in the solvents

The results also tend to confirm the observation that- the effect of leéd on the
dissolved oxygen wave in mebhanol solutions is to enchance it greatly.

Ié was found that the effect of inereasing alechol concentration on the
height of the diffusion current is to reduce it as the alcohol content inecreases.
There is also an effeet on the hal f~wave potential itself, a higher alcohol
concentration tending to shift these potentials te a more positive value. It
was established that the particular anion of the lead salt had significant
‘effect on the half-wave pobtentials observed for lead, acetate giving wmore neg-
ative values under comparable conditions than did chloride and witrate giviag
more negative values than either of these wwo other anions. The nitrate ion
itself was found to be unstable at an applied potential less than the desired
range, whereas acetate and chloride ions werabfound stable for the fuli two volt
range.

& second wave often appeared ab potentials legs negavive than ~£.lU VOlus
Work was done to aSCEriain the cause of this wave and although the results are
3till dinconclusive, saveral factors apﬁarentlﬁvare involved «ither singly or
eollectively. It was established thaﬁ.the chloride lon coneéntration'fegardless-
of source has definite eifect upen‘fO?m&tion'cf'ihe second wave in aqueocus

golutions although solublllty llﬁltatlons prevented clear-oun 1ntcrpfetatlang
of results in alcohollc media. Heasurements in water solutions were made for
lead and nickel versus both ths pool 01 mercary and the saturabsd calunel csll

as reference electrodes. Barly work. had po;ntcﬂ out that the wave dyp ared in
Qolutlons where both acebate and chlorLde ions were present but it was conclu=

sively shewn-tham the presence of acetate is not a prime requirement for the



appearance of the second wave,

A definite enhancesnent of the second wave by increasing aleoholic conbend

is indiecated. Incrsasing degassing alonz had no effect on this second wave so
it is presumed that the phenomepon is not dus solely Lo increased oxygen concen-

tration in solublons wheve methancl is present.

A short discussion of the possible causes of the second wave is presented
with svidence for and sgoinst each possibility. TFurther investigation of the
wave using carefully controlled techniques seoms advisable,

A compariseil of regulbs obbained with the pool of mercury and with a sabu-
rated calomel half-cell was given. The incrsased resistance of the calomel cell

ts effzct upon polarographie waves. York with Ligroin in
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methanol was briefly discussed, the vesulis here showing that the addition of a

aon-polar solvent further flatitens the lead wave. It was found that an inter—

pretable wave eowld be obbained usling a guieh pool of mereury as reference slec—

trode up to & concentrotion of ligroin of 10% by volume in anhydrous methanol.
The evidence obtained in these studies of thie behavior of the lead ion in

anhydrous media seems to indicate that theoretically at least a determination

of lead in gasoline by direct polarographic weans is possible.
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