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SUMMARY

The subject of this investigation has been the application of phasze
selective ac polarography and square-wave polarography to the analysis of
heavy metals in water. Although both of these techniques were found to be
suitable for water analysis, the majority of the study deals with the ac
polarographic method due to unforeseen difficulties encountered in the
construction of the square-wave polarograph. However, square-wave polar-
ography did prove to be more sensitive than ac pclarography. In addition,
the square-wave technique was found to be more suitable for the analysis
of species that are irreversible polarographically. In studies involving
the reversible c¢admium reduction and the irreversible zine reduction in
1 F potassium chloride, the zine response was better, with respect to the
cadmium response, using square-wave polarography than ac polarography.

The theory of ac and conventicnal de polarcgraphy is presented.

In addition, advantages and disadvantages of ac¢ and square-wave techniques
as compared with conventilonal polarography are dealt with.

It has been found that the sensitivity of the ac polarographic
instrument is such that the following metal ions can be detected down to
a lower limit of about 10 ° formula weights per liter: 8b(III), Bi(III),
2d(II), Cu(II), In(III), Po(II), Sn(II), Sn(IV), and Zn(II). In addition,
Co(II), Ni(II), Mn{II), T1(I), Fe(II), and Fe{III) can be analyzed down to
a limit of approximately 107° formula welghts per liter. Rather unsatis-

factory results were obtaired for Cr(III) and V(V) which could only be
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detected down to about 10 ¢ formula weights per liter and all attempts to
work with A1(III) failed.

The ac ftechnique has proven to be very suitable for the analysis of
multicomponent systems. A number of such systems 1s discussed in this
study: particular attention is paid to metals which are normally difficult
to simultanecusly determine pelarographically.

The presence of surfactants (surface-active substances) commonly
interferes with the ac¢ polarographic technique. The problems associated
with various types of surfactants are presented. In addition, a standard
procedure for the elimiration of interferences caused by surfactants has
been developed.

Finally, the results obtained from the analysis of some natural and

industrial samples are reported.



CHAPTER T
THEORY

Heavy metals ir water produce an undesirable tagte in drinking water,
are harmful to fish and cther aguatic life, and i1f present in high enough
concentrations, can be toxic to humans.

At the present time the methods used for the determination of metals
in low cconcentraticns In water are exceedingly time consuming and difficult.
Large samples are required which then must be concentrated prior to rather
involved chemical separations and subsequent determinations. The proce-
dure for each metal ion is different and in some cases the separation pro-
cedures are not adequate and lead to erroneous results.

There is a need for an analytical technique which would allow the
rapid and simultanecus determination of a variety of metals in water.

For many years classical (direct current) polarography has been
used for the analysis of heavy metals in agueous solutions but is seri-
ously limited because its lower limit of detection is approximately
1 X 10°° F. A further limitation is due to the problems encountered in
the analysis of multicomponent systems since the current for each reduc-
tion step is added onto the current for all preceding reduction steps.
Thus, for example, the current for the reduction of cadmium in small con-
zentrations is essentially impossible to measure in the presence of the
current due to a high concentration of lead.

Phase selective ac polarography and square-wave polarography are



recent modifications of classical polarcgraphy which grestly enhance the
sensitivity and selectivity. The purpose of this project has been o
investigate the sulfability of these ftwo techniques for the analysis of

water for low concentrations oi heavy metals.

Electrolysis

FElectrolysis occurs when an external source of voltage is applied
to an electrochemical cell to force a nonspontaneous electrochemical reac-
tion to proceed. The electrodes comnected to the positive and negative
terminals of the voltage source are known as the anode and cathode, re-
spectively. Oxidaticn proceeds at the anode, reduction at the cathode.
The solution in the cell is known as the electrolyte solution or electrolyte.

Decomposition Veoltage

Consider an experimental arrangement in which the electrolyte con-
sists of a cation that can be readily reduced and an anion that can be
readily oxidized. Two identical, inert (e.g. platinum) electrodes are
dipped into the solutionr. The electrodes are connected through an exter-
nal cireult to the negative and positive terminals of a voltage source and
hence will be the cathode and anode, respectively.

If the vcltage is applied to the cell and increased progressively,
at first only a small rige in current is observed. During this time each
electrode is said to be polarized, that is, no electrochemical transfor-
mation is taking place and, therefore, no continuous current can flow.

At a certain voltage the current increages suddenly; the cation is re-
duced at the cathode and the anion ig oxidized at the anode. The elec-

trodes are now said to be depolarized since current is now passing through



the cell. The term polarization is used to desc¢rive any phenomeénon that
inhibits or limits current flow, while the term depolarization refers to
a process that enables current to pass through the cell. Substances tak-
ing part in electrochemical reactions are called depolarizers because
their presence causes the passage of current when the applied potential
is sufficiently large.

When the current starts to flow, the voltage applied to the cell
ig sufficient to cause appreciable decomposition of the electrolyte and
is then said to have reached the decomposition voltage. This voltage, as
any across an electrochemical cell, consists of two portions: the anodic
and cathodic decomposition potentials. Since there is some ambiguity in
deciding when a current "sust starts to flow," it is customary to define
the deccomposition voltage, Ed’ as the zero current intercept obtained by
back-extrapolation of the current versus applied voltage curve.

Back Electromotive Force

If the electrolysis current is allowed to flow for some time and
then stopped, a voltage is found across the electrodes with the same
polarities as during the electrolysis. This voltage arises within the
cell, is in opposition to the applied voltage, and 1s known as the back
electromotive force, or, the back emf. This back emf consists of two
portions: the reversible back emf and the concentration overvoltage.

The reversible back emf arises because a voltaic cell is formed when the
electrolytic depositions took place and may bte calculated from the Nernst
equation.

For electrolysis to proceed the voltage applied to the cell must

exceed The reversible emf of the voltaic cell that forms once electrolysis



is initiated. Commonly, the decomposition voltage is essentially identical
to the reversible back emf. The reversible back emf, and conseguently the
decomposition voltage, increases as the concentrations of the relevant

ions decrease. Since the concentrations of the ions continue to decrease
as the electrolysis proceeds, the reversible hack emf increases progres-
gively.

IR Drop and Applied Voltage

The decomposition voltage, E,, is in essence the applied voltage

d
required to initiate electrolysis. In order to advance electrolysis at a
reasonable rate, an additional veltage is required to overcome the elec-
trical resistance of the cell. With an electrolysis current, I, the vol-
tage required in excess over the decomposition voltage is given by Ohm's
law: E = TIR. If the cell resistance, R, 1s known, this voltage, called
the IR drop, can be calculated. Consequently, the applied voltage, Eapp’
required to perform an electrolysis with the passage of a certain current
may be given as: Eapp = Ed + IR. However, this formula does not yet fully

describe the situation.

Concentration Overvoltsage

From the above, it would seem that once the decomposition voltage
is reached, i.e., the electrode becomes depolarized, the current should
increase in a linear fashion with the applied voltage. However, this is
true only for a moderate voltage rise. A% higher voltages, the current
increase becomes progressively less than would correspond fto a linear re-
lation, and finally a point is reached beyond which an increase in applied
voltage doeg not lead to any appreciable change in current, i.e. the

electrode is again polarized. In order to explain this leveling of the



applied voltage versus current curve, a closer Inspection of the electrode
processes 1s necessary. Consider the situation in which a metal ion is
deposited at the cathode. Since deposition occurs, the solution in the
vicinity of the cathode becomes depleted of metal ions. Seversl processes
gperate to replace the metal ions that leave the solution as the electrol-
ysis proceeds. Metal ions are transported to the electrode regicon by
diffusicrn. from the more concentrated solution. Other possible transport
mechanisms are electrostatic atiraction, convection, and agitation of the
solution. As long as the applied volitage, and therefore the current, is
not too large, the metal ions are replenished by these transport processes
sufficiently fast. At higher wvoltages, however, the current cannot follow
the voltage rise linearly because the ion transport lags. Finally a point
is reached where the current is governed by the rate at which ions are
transported to the electrede and a further increase in applied voltage no
longer has any pronounced effect on the current.

The concentration overvoltage, Econc’ is related to the applied
potential by:

Eapp =E, +IR+E__ (1)

This additional voltage 1s appropriately termed the concentration over-
voltage sirce 1t is caused by concentration effects. If the concentra-
tiong of the depolarizers immediately adjacent to the electrodes were
known, then Econc could te calculabted using the Nernst equatlon. However,
since these concentrations are not knowrn, all that can be done is %o ne-
glect the concentration overveltage and thereby obtain a minimum value

for the applied voltage.



Kinetic Overvoltage

An additional type of overvoltage called kinetic overvoltage or
activation overvoltage is frequently encountered, particularly when di-
atomic gases are produced in the elec¢trode reaction. The méchanisms in-
volved in the establishment of this overvoltage are complex and not fully

understood.

For cases where no kinetic¢ overpcotentials are encountered the de-
composition veltage equals essentially the reversible back emf, and can
be calculated from standard electrode potentials and concentration data
by means of the Nernst equation. When kinetic cverpotentials are encoun-
tered, they must be considered in addition to the reversible back emf.

Denoting the kinetic overvoltage by the Greek letter eta, T, %he
relationship among the decomposition voltage, reversikle back emf, and

kinetic overvoltage may be given by:
E,=E _ +7 (2)

where both the decompositicn voltage and the kinetic overvoliage consist

of ancdic and cathedic porticas. Thus:

E, =B - B, (3)

and

=T - T, (4)

The anodicz kinetic coverpshential is slways positive. It increases the

magnitude of the anodic decomposition potential, E ; and the decorposi-

d,a

tion voltage. The cathodic overpotential is always negative. It acts to



make the cathodlc decomposition more negative, but it alsc increases the
value of the decomposition voltage.

Thus for the anode:

=
il

Bt ﬂa (ﬂa is positive) (5)
and for the cathede

Ed,c

E_+ ﬂc (ﬂc is negative) (6)

and by combining the appropriate expressions:

E 1l
rev N
By = B -E_ + T -T_ (7)

The size of kinetic overpotentials depends on various factors. The
eleztrode material and tne nature of the electrode surface have a great
influence. The exceptionally high kinetic overpotential of hydrogen on
mercury ie of great importarnce, sivce the wide applicability of the drop-
ping mercury electrode (dme) in polarography stems in part from this

phernomenocn.

Classizal Polsrocraphy

Assume that an elechrelysi

w

cell contains a cathode thal is quite
small in comparison to tne ansde. In suckh a case the concentration over-
potential at the ancde is negligible and the current is controlled by the
cathodic concentration cverpotential, which in turn is a function of the
rate at which reducible species are transporfed to the cathecde. TIf the

small electrode were made the anode, the zurrent would flow in the opposite



direction and would be controlled by the transport of oxidizable species.
In either case, the current increases sharply once the decomposition po-
tential of a given species 1s reached and later, due to the establishment
of concentration overpotential, the applied voltage-current curve levels
to a plateau. The current at the plateau is called the limiting current
and is chiefly controlled by the rate at which the relevant reacting
species reach the electrode.

If a soluticn is net stirred mechanically, the mechanisms that most
commonly transport lons to the electrode are diffusion, electromigration,
and convection. If migration and convection are made negligibly small,
diffusion is the mechanism by which reducible specsies are ftransported to
the cathode. Migration is rendered negligible by the presence of a
relatively large ccncentration of an irert supperting electrolyte, whose
lons serve to condust current through the soluticn and fhus dissipate the
electrostatic force tul are not reduced or oxidized over the range of
potentials being studied. Convection is minimized by using an electrode
which automatically renews itself, and the neighboring sclution, before
the diffusion layer has grown thick enough to nause convection currentes.
Such an electrode is the dropping mercury electrode which is described
immediately below. Under these conditions, since the rate of diffusion is
proportional to the ceoncentration of the diffusiag species, it is possible
to establish a relationship between limiting current and concentration.

It is these prirciples on which the method of polarography ie based.

Barly attempts to utilize the principles outlined above failed

because s0lid electrodes were used. Distorted curves were obtalned, which

in addiftion were ncht reprcducible because tre shape strongly depended on



the history of the electrode. Although technigues using thege elechtrodes
have improved markedly in receat years, there remain many problems asso-
cilated with their use for analytical purposes. In 1922 Heyrovskf obtained
reproducible results by employing a dropping mercury electrode (dme), i.e.
a small electrode consisting of mercury drops formed at the immersed tip
of a fine bore capillary. Since new drops are conhtinuocusly forming during
the experiment, reproducible results are readily obtained since each new
drop has the same past histeory. This constantly renewable surface, along
with the high hydrogen overvoltage previously menticned, are two main ad-
vantages to the dme. Heyroveky named the technique polarcgraphy because
it 1s based cn polarization phenomena.

The classizal polarcgraphic experiment is performed by applying a
direct voltage Lo a cell that consists of a dropping mercury electrode
(which is polarized because of ifs small area) and an unpolarizable elec-
trede. A large excess of supporting electrolyte that dees not undergo an
electrode reaction is added to sssentiazlly eliminate migration current as
well as minimize the IE drop across the cell. The resulting current
versus applied volitage zurve is called a polarogram (Figure 1). The
ascent in the curve is called the polarcgraphic wave or step. The height
from the base line (zero current) to the plateau corresponds to the limit-
ing current. The limiting current under normal polarcgraphic conditions
is the sum of the residual current, ires, and the diffusion current, idif’
It is the diffusion current that is proportional toc the concentration of
the electrode-active species. The residual current must therefore be
subtracted from the limiting current to obtain the desired diffusion

current. The residual currert results from the capacitive charging of the



I, pa.

0.0 -08
E vs. SCE v

Figure 1. DC Polarographic 3tep

-1.6

10



11

growing mercury drop and partially from the presence of polarographically
active impurities in the scolution. It is the presence of this residual
current that greatly limits the detection limits of the classical polaro-
graphic method to about 107° formula weights per liter.

The half-wave potential, E% is the potential where i = % idif" It
is characteristic cf the electrode-active species and independent of the
concentration of the species.

The Tlkovic Equation

The relatiornship bLetween the diffusion current and parameters per-
taining tc the system under consideration has been derived by Ilkovic
(using Fick's second law of diffusicn and the appropriate assumptions) and

the resulting equation is named after him:

% 21

. - 3“'5

= 607 n CD® m (8)
Here 1 is the average diffusion current in microamperes during the

dif

life of a drop, n the number of electrons transferred in the electrode
reaction, C the concentraticon of the reacting species in millimoles per
liter, and D the diffueicn coefficient of the reacting species in sguare
centimeters per second. The remaining two factors are characteristices of
the capillary, m being the milligrams of mercury flowing from the capillary
per second and t the drop time in seconds. The numerical factor 607 de-
rives from some constants and conversion facteors. This number would be

706 if the maximum current rather than the average current were being con-
sidered. TFrom the equation it can be deduced that the diffusion current

is proporitional to the concentration of the reacting species if the param-

eters pertaining to the electrode are kepi constant.
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Multiple Polarographic Waves

A significant limitation to the c¢lassical polarographic method is
that the half-wave poftentials must differ by at least ¢.15 volt in crder
for well separated waves to be obtained. When more than one reducible
gpecies 1s present in the sclution, the resulting pclarogram consists of
successive steps due to the reduction of each species in turn. Such a
situation is illustrated in Figure 2. Points A and B are the half-wave
potentials of the two reducitle substances with idiff,A and idiffyB being
the corresponding diffusion currents. In order to obtain the diffusion
current, it is necessary to measure the current from the base line of each

individual wave, as is done with i The dashed line indicates the

diff,B’
shape of the polarogram that would result if the substance B were absent.
This additive nature of successive diffusion currents is one of the main
limitations of classical polarography because 1t is frequently not possible
to determine & reducible species ir the presence of a relatively large
amount of substance that is more easily reduced, i.e. reduced at a more

positive pchential.

Polarographic Reversibility

Polarcgraphic steps are polarographically reversible when the cur-
rent is controlled by the rate of diffusion of the depolarizer +to the
electrode surface. If any otker fachtor controls the current the wave is
not reversible. In additicn fo migration and convectlon mentioned above,
Tactors capable of causing irreversibility are the following: adsorpiion
phenomena at the electrode surface, a preceding slow chemical reaction,
the effects of the diffuse double layer, and a slow electron transfer step.

In order for the rate of an electron tramsfer step not to limit the current,
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the neterogenescus rate constant of the redox process must at least have a
value of 2 X 1072 cm sec & (1).

Hanging Mercury Drop Electrodes and Stripping Analysis

in additior fc the drepping mercury electrode, statlonary elec-
trodes may be employed to obtain current-voltage curves. The most usetul
of these is the hanging mercury drop electrcde.

A mercury drop may be btwng onto a fine gold- or mercury-plated
platinum wire sealed through, and barely protruding [rom the end of &
zlass fube. Other types employ syringe-type burets; by manipulation of a
micrometer screw hearing on the plunger of the syringe, an accurately known
volume of mercury may be forced out of a capillary to form a droplet on
its tip. One of the latter types (available commercially) was employed
in this study.

Altheugh the dropping mercury electrode is more frequently used,
because reproducible results are more readily obtaired, the hanging mer-
cury drop electrode offers some advantages over the dme (2). Among these
advantages is the applicability of the harsing mercury drop electroide to
techniques involving gtripping analysis.

In conventional polarography che measures the limiting cur:ent
ariging from the forward (positive to negative) voltace sweep. As de-
seribed above, the limiting current depends on ‘the rate at whicu the de-
polarizer reaches the electrode and also includes the residual current.
As the concentration of the depolarizer is decreased, the rate at which
i1t reaches the electrode surface 1s slso decreased, but the residual cur-
rent remains the game. “‘he residual current hecomes a larrser and larger

part of the total current measured, and eventually the two become
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indistinguishable.

If a depolarizer is deposited onto an electrode at a potential on
the plateau of the wave or step, prolonged electrolysis af such a poten-
tial will cauge the reduction or oxidation product to accumulate at the
electrode surface. 1T the deposited substance can be reoxidized or re-
reduced, 1t will yield & correspondingly larger limiting current and the
limit of detection i1s considerably improved. This ig the principle of a
family of fechnigues called stripping analysis.

Bince the accumulation of maiterial at the electrode surface 1s the
basis of stripping analysis, the use of the dme is hardly possible. Sta-
tionary electrodes, including the hanging mercury drop electrode and sclid
electrodes of various materials are much more suitable.

The control of experimental variables 1s exiremely important in
stripping analysis. An accurate control and knowledge of the electroly-
sis (plating) time, Tp, is essential in order to correlate and reproduce
results. Since mest depositions are performed in stirred solutions,
maintaining a urniform and controllable rate cof stirring is necessary.
Fven when all experimental variables are carefully controlled, it is fre-

gquently difficult tc cbtain reproducible resulis.

Alternating Current Polarography

An incregzing number of variations on the classical polarographic
method has beern developed over the years. Among these existing procedures
is alterrsating current polarography.

The ac polarcgraphic technique employs an alternating potential

(of an amplitude small in comparison to the range of potentials usually
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investigated) superposed onto the usual dc voltage. At values of direct
petential where a redox reaction occurs, the effect of the superposed
sinusoidal potential is tc produce periodic concentration changes at the
electrode-solution interface. These concentration changes are accompanied
by periodic diffusion processes and the flow of alternating current. The
current that arises due to the periodic redox reaction is called the fara-
daic slternating current.

The ac polarogram {Figure 3) is a plot of alternating current
versus electrode potential. The faradaic alternating current only flows
when both the oxidized and reduced forms of the depclarizer are rresent
at the electrode zurface; i.e. faradaic alternating currernt is only ob-
served for potentials corresponding to the rising portion of the dc¢
pelarogran.

Terminology
To describe the characteristic features of an ac polarogram,

Breyer (3) introduced the following terminology: Summit potential, Eg

the direct potential coxresponding to the maximum alternating current;

base current, the alternating current in the absence of a depoclarizer;

ac polarographic wave; the additional alfternating current produzed by the

presence of a depolarizer. Breyer proposed to speak of ac polarographic
waves and dc polarographic steps, a usage which will be followed in this
report.

Advantages and Disadvantages

The ac polarogram appears to be (but is not) the derivative of the
de¢ polarogram and hag some advantages. Since the current returns to zero

after each wave, better separation between closely spaced waves is obtained
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and the peak height is measured from the zero current line for each wave.
In addition to better separation, it is also possible to determine a re-
ducible species in the presence of a relatively large amount of substance
that is more easily reduced, i.e. reduced at more pogitive potential.
This is frequently not possible with dc polarography due to the additive
nature of the successive steps.

The ac metheod offers an additional advantage in that the kinetics
of relatively fast redox reactions can be studied. The technigue can be
used for the measurement of rate constants, k, in the range of about 10 °
to about 1 om sec-l, and trus complements the dc polarographic technique
which can give rate constant values only for quite irreversible processes
(k < 10™* cm sec™®). However, if the redox reaction is so slow that it is
considered to be polarographically irreversible, then the ac technigue
will not yield a wave at all. This lack of applicability to irreversible
processes is the main drawback to ac polarography.

Another disadvantage of the ac method is that it is not possible
to distinguish beiwsen & reduction or oxidation process by looking at an
ac polarographic wave, i.e. the appearance of the wave will be the same
regardless of the ratic of +he oxidized to reduced form of the depolarizer
in the bulk of the soluticn. The de¢ steps are, however, in the case of
reduction, cathodic (positive current) and in the case of oxidation,
anodic (negative current).

Finally, the residual current for ac polarography is even larger
than for de polarography and thus no improvement in the detecticon limits
is obtained. However, two modifications of ac polarography have been

devised to minimize the residual current and thus improve the detection
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limits of the method. These two modifications are square wave polarography
and phase selective ac polarography (see below).

Effect of Frequency

An important parameter in ac polarography is the frequency of the
superposed alfternating potential. In discussing these implications, only
the expressions for the cases of limitingly low and high frequencies,
where the eguations take particularly simple forms, will be given. While
the terms 'low' and "high' are only qualitative and depend upon the ki-
netics of the system being investigated, frequencies below 100 Hz may be
considered low and frequencies above several thousand Hz may be considered

high. At low frequencies the expression for the alternating current is:

1
_ n®FRave(w D)% exp P (9)
RT(d% + exp P)E

with the maximum value given by

2 % %
n®FEAVC w® DR

Als - L RT (10)
and at high frequencies:
2
Af = E FBAVC§ exp [ (1-a)P1 (11)
RT(dE + exp P)
with the maximum value given by
2 ‘ l-o o a/2
A = D FPAVCk(1l-o) o' d (12)

8 RT
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where

n = number of electrons transferred per molecule of depolarizer

A = area of the electrode

V = amplitude of the superposed sinusoidal alternating voltage

C = bulk concentration of depolarizer

w = angular frequency of the superposed alternating voltage

D = diffusion coefficient

P = %%E; T = absolute temperature

k = heterogeneous raie counstant of the redox process

& = transfer coefficient

d = ratio of diffusion coefficients of the oxidized and reduced

species.

In the low frequency case, the periodic rate of the electrochemical
reaction at the elecstrode-solution interface is much faster than the peri-
cdie diffusion changes, that is, k > > (mD)%, and the current is goverred
by the frequency and is independent of the actual value of k. At high
frequencies, where k < < (wD)%, the curven* depends directly on the mag-
nitude of k and is independent of w. From the above it can be deduced
that it ig better to operate at low frequencies when dealing with systems
of borderline reversibility. In the low frequency cage, the current in-

1

creases linearly with w2,

Width of the Wave at Half-Height

A useful way of characterizing the ac polarographic wave 1s by
means of the width at half-height, AES/2a This quantity can be obtalned
by finding the two poientials, {AES/2)1 and (AES/E)Q, at which the faradaic

alternating current is ozne-half of ifts maximum value.
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At low freguencies, i.e. for reversible behavior, the width of the

wave at half-height is given by

AES/E = B 32 22" = 2oy (13)

nF 3 -2/2° n

This expresgsion can readily be derived from equaticns 9 and 10.

This relationship is a very useful one in thai a quick inspection
of an ac polarogram enables one to ascertain the suitability of a particu-
lar poclarographic reaction to the ac methkod, since any deviation from
this criterior indicates an lrreversible process.

The Suwmit Potential

The summit potentizl is, by definition, that potential at which the
faradaic alternating currernt is a maximum. At low freguencies it is
found to equal the classical polarographic half-wave potential for rever-
sible systems, i.e. ES = E%. A deviation from this criterion also indi-

cates irreversibility.

Phage Selection

As previously menftioned, phase selective ac polarography is one
of the modifications of the ac technique that has improved the method.

This technique uses & phase selective detector which takes advant-~
age of the phase differences betwegen the faradaic current and the non-
faradaic current arising from the capacitive charging of the elecirode,
i.e., the double-layer charging current.

The double-layer charging current is found to be 90° out of phase
with the applied alternating potential; whereas, the faradaic current is

U45° or lese out of phase. Ry measuring only the current that is in phase
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with the alternating potential, the phase selective detector essentially
discriminates against the capacitance current and gives g reading that is
a function of the faradaic current.

While conventional ac polarography and c¢lassical de¢ polarography
have sbout the same detection limits, between 10 - and 10 ° formuls weights
per liter, phase selective ac polarography has, in favorable cases, a
detection 1limit below 10 ' formula weights per liter.

0f course, with detection limits this low the method is very sus-
ceptible to contaminants from a variety of sources: bubbler, tygon tubing,
reggents, etec. With the ac technique one must be concerned with the purity
of the mercury employed; whereas, the problem only arises in de¢ polarog-
raphy when dealing with arodic processes, the mercury electrcde may be a
source of contamination for both cathodic and anodic reactions when using
the ac technique due to the periodic oxidation-reduction process involved.

Square-Wave Polarography

This technique employs arn alternating voltage of square-wave rather
than sinusoidal shape superposed onto the usual 4dc voltage. Suppression
of the double-layer charging current is achieved by using the fact that,
affter the application of a voltage-pulse to the electrode, the double-
layer charging currernt decays more rapidly than the faradaic current.

Thus, measurement of the current towards the end of the pulse leads to
elimination of the double-layer charging current from the recorded
pclarogram.

In general, square-wave polarography is more suitable for the deter-
mination of systems involving irreversible polarographic reactions than

the phase selective ac technigue.
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CHAPIER 1I
INSTRUMENTATION AND CHEMICALS

Polarograph

The phase selective ac polarograph used in this study is composed
of a commercial lock-in amplifier (Princeton Applied Research model JB-U)
as the signal source and phase-selective detector used in conjunction with
a locally fabricated three electrode polarograph using solid state opera-
tional amplifiers and power supply (Philbrick models P6SAU, P85AU, and
Pk 30). The circuit of the polarograph is basically very similar to that
of the Heath EUW-401 polarograph, but is modified as necessary for the
characteristics of the solid state amplifiers and also includes a positive
feedback circult to partially compensate for the IR drop in the cell.

This latter feature is important in reducing the magnitude of the drop
oscillations in the background current when using the dme. Thus the ex-
perimental setup is similar to that described by Evilia and Diefender-
fer (4). Readout is obtained on a Hewlett-Packard 7TOOMA X-Y recorder and
a Dumcn®t 30L4A oscilloscope is used to monitor the current output waveform
and to aid in adjusting the lozk-in amplifier.

A block diagram of the instrument is shown in Figure 4. Amplifier
I is used to generate the slow ramp veoltage used in both ac and dc polarog-
raphy. Amplifier 1T is a voltage follower used to measure the potential
of the reference electrode with respect to electrical ground, without
drawing appreciable current from the electrode. Amplifier III is the con-

trol amplifier. This amplifier is actually used as a summing amplifier
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in which the following signals are summed: the slow ramp voltage from
amplifier I, the reference electrode potential from amplifier II, the
initial potential, the ac signal generated in the PAR lock-in amplifier,
arid the positive feedback signal from amplifier IV. Amplifier IV serves
as the currernt amplifier. The test electrode (i.e. the dme or hanging
drop) is conrected directly to the input of this amplifier and is thereby
neld at ground potential (virtual ground). Since the output voltage of
amplifier IV 1g proportional to the cell current, a portion of this signal
may be fed back to the input of amplifier III to partially compensate for
the IR drep in the cell.

As mentioned above, the test electrode is held at ground potential.
Thus +the potential of the reference electrode with respect to ground is
equal in magnitude but opposite in sign to the potential of the test
elecurode with respect To the reference electrode. This potential,
avalilable as the output of amplifier IT, is used to drive the X axis of
the recorder and is controlled by amplifier III so that it is egual to
the sum of The ramp voltage, the initial potential, and the ac signal.

The output of amplifier IV may be used directly in dec polarography
to drive the Y axis of the recorder or else may be divided down and
dampened before such use. For ac polarcgraphy the output of amplifier IV
is fed directly into the PAR lock-in amplifier. This amplifier, through
uge of & tuned circuit, selects only that portion of the total signal that
is of the same ac frequency as the input ac signal, thus separating it
from both direct current and other ac frequencies such as 60 cycle noise.
Then a phase selective detector is used so that the output signal fed to

the Y axis of the recorder is only that poriion of the sigral having the
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desired phase relationship (i.e. approximately 45° shift from the applied
sigral).

The following voltage ramps (sweep rates) are available in either
the cathodic or anodie directions; 0.5, 1.0, 2.5, 5.0, 10, and 25 milli-
volts per second. The full output voltage (10 volts) of the current
smplifier (amplifier IV) can be set as equivalent to 2.0 microamperes to
5.0 millamperes in 11 steps (1-2-5 sequence). The initial potential con-
trol is a 10=turn potentiometer and a potential reversing toggle switch
covering the range of ¥ 1.0 volt. The pogitive feedback control is a 10-
turn potentiometer which can be set s0o as to compensate from O to 2.5 K
okms of IR drop.

The X-Y recorder 1s equipped with a 171714 dc preamplifier in the
Yi position. This preamplifier has sensitivities of 0.5 millivolt per
inch to 10 vol*s per inch in 14 steps (1-2-5 sequence). At first a 171704
dz coupler was used in the Xl position giving a sensitivity of 0.1 volt
per irch which is exactly the desired value. However, it was found, even
with an applied ac signal of 4 millivolts pesk %o peak at 100 Hz, that the
recorder regponded to the ac signal and excessive wear of the slide wire
was feared. Therefore the de coupler was moved to the X2 position and a
locally fabricated active filter (low pass) with unity gain was installed

in the Xl position.

Cell

For most work, the cell was a 100 ml spoutless Berzelius beaker,
At first a number 10 rubber s*topper was drilled to accommodate the elec-

trodes, rnitrogen bubbler, etec. but later a Beckman 101253 beaker cap was
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used. A medium porosity gas dispersion tube was used tg disperse the

nitrogen during deaeration.

FElectrodes

The counter electrode was simply a short length of platinum wire
sealed into a glass tube inside of which electrical connection i1s made tc
the lead from the polarograph.

The reference electrode was usually a Beckman 39170 fiber-junction
calomel. In some experiments, using perchlorate as a supporting electro-
lyte, a double salt bridge system was necessary to prevent blocking of the
salt bridge by a preczipitate of potassium perchlorate. For these experi-~
ments a Coleman 3-710 calomel eleztrode was used in conjuncticon with a
seacnd 3-702 reservoir whizh contains the second (potassium free) elec-
trolyte.

The dropping electrode, of «conventicnal design, was locally fabri-
cated. The hanging drop electrcde was a Beckman 39016 which alsc serves
a8 a sitiing drop electrode when fitied with the alternate J-ghaped

capillary tube.

Chemicals
All chemicals emplcyed were reagent grade material and, unless
ctherwise denoted, used without fTurther treatment. J. T. Baker "Analyzed"
Reagent Grade potassium nitrate, potassium chloride, potassium iodide,
ammonium chloride, ammonium acetate, sodium chloride, sodium flucride, po-
tassium hydroxide, sodium hydroxide, potvassium oxalate, sodium tartrate,
sodium citrate, scdium succinate, potassium hydrogen phthalate, potassium

thioccyanate, and potassium cyanide were used as supperting electrclytes.
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In addition, Fisher Reagent Grade hydrochloric acid, nitric acid, and am-
monium hydroxide were used. Allied Reagent Grade perchloric acid and
Fisher Reagent Grade nitric acid were used in some studies as oxidants to
obviate organic substances as well as supporting electrolytes.

Bethlehem Instruments triple-distilled pure mercury was used for
most studies, Mallinckrodt Reagent CGrade mercury was also used for the
stripping analysis experiments.

Stock sclutions 2.0 F in potassium chloride and 2.0 F in potagsium
nitrate were prepared and diluted as needed. Other stock solutions were
prepared at values between C.5 F and 1.0 F and diluted as needed.

Millimolar soluticns of the following metal nitrates were prepared
and diluted as needed; cadmium, cobalt, chromium, copper, lead, iron,
manganese, nickel, and zinc. Millimolar solutions of antimony, bismuth,
and tin were prepared by dissolving the metal-oxides in a minimum amount
of hydrozhloric acid per liter of water. Millimolar solutions of indium
and thallium were prepared by dissolving the metal in acid and diluting
to one iiter.

Stock solutions 1.0 F in sodium hydroxide and 1.0 F nitric acid
were prepared and kept in dropping bobtles for pH adjustments. Standard
buffers were used as pH standards.

A millimolar mercury(IT) nitrate soluticn was prepared for studies
1avolving a platinum electirode.

The detergents Tide X-K and Alconox were used in surfactant studies.
Triton X-100, Armeen, Onyx, and sodium dedecylsulphate were also used for
these studies.

Doubly deionized water was used exclusively.

Airco dry nitrogen was used for deaeration.
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CHAPIEK III

SIMPLE SYSTEMS

This chapter will include a systematic presentation of the appli-
cability of phase selective ac pelarography for the determination of
individusl metal ions in water. Each metal will be presented in alpha-
betical order with the optimum conditions for the determination being
given. In addition, problems common to the determination of each species
will ke delat with.

Tt was found that the sensitivity of the instrument is such that
the following metal ions can be determined down to a lower concentration
limit of about 10 ° formula weights per liter: Sbu(III), Bi(III), cda(II),
Cu(Ii), In(LIL), Pb{II), snu{II1), sn(1IV), and Zn(li). In addition, Co{II),
Ni{II}, Mn(II), T1(T), Fe(TI), and Fe(IIT) can be analyzed down to a limit
of approximately 107° formula weights per liter. Rather unsatisfactory
resulte were obtained with Cr(III} and V{V) which could only be detected
down to about 10 % formula weights per liter and all attempts to work with
A1{ITI) Tailed. All summii potentials are presented with reference to
the safurated czlomel electrode.

Table 1 summarizes the results obtained for the determination of
individual metal ions. In some cases, i.e. cadmium, lead, and thallium,

a variety of supporting electrolytes were found fo be egually suitable
for analysis; in Table 1, however, only the data for one supporting elec-

trolyte are given for each metal ion.



Table 1.

Optimum Conditions for the Determination of Individual Metals

Mizil Sb{III) B1(1II) ca(Ir) Cr (ITI) o(1T) Cu(IT)
Most 0.5 F 0.5 F 1F saturated 1F 1F
suitable hydrochloric hydrochloric potassium potassium potassium potassium
supporting acid acid nitrate bitartrate thiccyanate nitrate
electrolyte
Approximate 5 x 107 F 3Xx10°F 1x10°F 1x10*F 3x10°F 5x10°F
detection (0.06 ppm) (0.6 ppm) (0.1 ppm) (5 ppm) (2 ppm) (0.3 ppm)
limit
Reduction St Bi cd Cr{II) Co Cu
or and Cr
oxidation
product
Width of ac 30 mv 30 mv 45 mv 140 mv, 90 mv 45 mv
yeve = . cr(IIT) ~ Cr(IT)

:al f-height 50 mv,

Cr(II) = Cr
Summit -0.14 volt -0.065 volt -0.56 volt -0.79 volt -1.1 volt +0.03 wvolt
potential -1.1 wvolt

ot



Table 1. Continued
Metal .
om In(II1) Fe(ITI),Fe(II) Pb(II) Mn(II) Ni(II) TL1(I)
Most 0.5 F 1 F potas- 1F 1F 1F 1.0 ¥
suitable hydrochloric sium nitrate potassium potassium potassium potassium
gsupporting acld -0.1 F potas- chloride chloride thioccyanate chloride
electrolyte gium cxalate,
pH = U4
Approximete 3 X L0 ° F 5x10° F 1x10°F 2x10°F 1x10°F 1x10°F
detection (0.2 ppm) (0.3 ppm) (0.2 ppm) (1 ppm) (0.6 ppm) (2 ppm)
limit
Reduction In Fe(II),Fe(III}) b Mn ip T1
or
oxidation
product
Width of ac 30 mv 90 mv L5 my 60 mv 65 mv 90 mv
wave at
half-height
Summit -0.60 volt -0.23 volt -0.43 volt -1.48 volts -0.71 volt -0.49 volt
potential

Te



Table 1.

Conecluded

Metal
Ton Sn(IV) or Sn{II) Zn{11)

Most 1rF 0.01 F
suitable hydrochloric potassium
supporting acid chloride
electrolyte
Approximate 5x10°° F 1 x10°F
detection (0.6 ppm) (0.06 ppm)
limit
Reduction Sn Zn
or
oxidation
product
Summ3it -0. 47 volt -0.99 volt
potential

ct
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Antimony

The methed proved to be well suited to the determination of anti-
meny in the +3 coxidation state. When pregsent in the +5 state, antimony
is not easily reduced and, therefore, reversible polarographic behavior
is not observed.

A variety of supporting electrolytes was examined with a 0.5 F
hydrochloric acid scluticn giving the best results. With this electrolyte
a detection limit of about 5 X 1077 F (0.06 ppm) and a summit potential,
Es’ of -0.14 volt are obtained. The wave is perfectly symmetrical with a
width at half-height of 30 mv which corresponds to the three electron
change in the reduction of the species HSbClh to elemental antimony.

An ac wave was noct observed 1n the absence of a complexing agent.
This is due to the irreversible reduction (5) of the "antimonyl" ion, Sb0+,
which is the predominant species in the absence of a complexing agent.

In the presence of a non-complexing acid, such as nitric acid (1 F)
no ac wave was obtained., This is in agreement with the fact that the re-
duction of SbO" does not proceed reversibly in nitric or sulfuric acid
media (5). However, as chloride ions were added to the nitric acid sys-
tem, an ac wave resulted, and the height of the wave increased progres-
sively with increasing concentrations of chloride ions. This can be
attributed to the formation of the reversibly reduced HSbClh species.
However, a supporting electrolyte of 0.5 F potassium chloride failed to
give an ac wave for antimony. It appears that both s high chloride ion
concentration and a strongly acidic¢ solution are needed to form the rever-
g8ibly reduced HSbClLL and obtain good resulis.

Chloride ion was the cnly unidentate complexing agent used.
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Other complexing media, i.e. tartrate, citrate, and succinate were
examined and results were obtained that are not completely satisfactory.
A strong pH effect was observed and, in most cases, relatively broad
doublets were cbtained with a sensitivity much less than that of 0.5 F
hydrochleoric acid. Of these complexes, succinate proved to be the best;
with a 0.5 F sodium succinate solution, pH adjusted to 4 with 1 F nitric
acid, giving satisfactory results although the detection limit was only
about 1 X 10 ° F (1 ppm) antimony. A single wave is obtained, with =
width at half-height of 40 mv and a summit potential of -0.56 volk.

Although none of the above mentioned complexing agents gave results
as good as hydrechloric acid, they could serve to verify the presence of
antimony or to determine it in the presence of interfering species. In a
C.5 F hydrochloric acid solufticon CuGE),ES = =0.22 volt, may interfere with
the determination of anftimony if the concentration of copper is relatively

high.

Bismuth

Bismuth is much like antimony in that a complexing agent is needed
in order to obtain an ac polarographic wave. Again, an excellent wave wag
obtained in & supporting electrolyte of 0.5 F hydrochloric acid. This
wave is narrow, width at half-height of 30 mv (correspending to the three
electron reduction of bismuth in the +3 oxidation state to elemental
bismuth), has a summit potential of -0.065 volt, with a detection limit -
of about 3 X 10 ° F (0.6 ppm) bismuth. However, at low concentrations of
bismuth the baseline in hydrochloric acid was uneven due to the dissolu-
tion of mercury: Hg + hel” @ HgCli- + 2e. This problem can be circum-

vented by lowering the chloride ion concentration in acid solution, even
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though the bismuth wave is shifted to a more positive value. Ina 1 I
nitric acid solution that is also 0.05 F chloride ion, & symmetrical, well-
developed wave is obtained with a summit potential cf +0.01 volt. However,
there ig some loss in reversibility, the width c¢f the wave at half-height
is 55 mv, which is broad for a three electron change, and the detection
limit is about 3 x 10°° F (6 ppm) Bi; but the height of the wave is much
easier to measure, at low concentrations, since the haseline is evern.
Attempts to obtain an ac polarographic wave in a non-complexing
azld, such ag nitric acid, were not {ried, but i{ is doubtful that suitable
waves could be obtained under such conditions (6).
in a solution 1 F in both ammonium acetate and acetic acid a sym-
metrical wave with a summit potential at a relstively negative -0.2 wvolt
was obtained. The dissclution of mercury does not cause an uneven base-
line in this medium and the baselire is even. The width of the wave at
the half-height is, however, relatively broad for a three electron reduc-
tion, 45 mv, and the detection limit is about 1 x 1¢°° F (2 prm) bismuth.
As was the case with artimony, the use of a variety of multident-
ace complexes has been explored. The summit peoterntials, detestion limits,
symmetry and narrcwness of the waves were all found to be affected by the
pH of the soluticns. The best of these complexing sclutions proved to be
0.1 F potassium hydrogen phthalate, with a pH of 4. In this electrolyte
the dissolution of mercury is not a problem and a symmetrical, narrow
(width at half-height of 35 mv) wave is cbtaired. The summit potential
is =-0.09 volt and the detection limit is about % X 1078 F (1 ppm) bismuth.
A reasonably good wave is obtalned using a supporting electrolyte

of 0.5 F sodium succinate, pH = h, A width at half-height of bs mv is
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obtained, with a summit potential of -0.15 volt, and a detection limit of
about 1 X 10 ° F (2 ppm) bismuth. This would be a particularly good sup-
porting electrolyte for the simultaneous determination of antimony and
bismuth since the summit potential for antimony in this medium is -0.56
volt, a separation of 0.41 volt; whereas, the separation in 0.5 F hydro-
chloric acid i1s 0.075 volt. It is interesting to note that such separa-
ticng are more critical when dealing with classicel dc polarography than
with the ac technique. At a higher pH value of 6.5, the bismuth wave is
a3 good, ES = -0.21 volt, but the antimory wave yields an ill defined
doublet. Other multidentate ligands tried were cltrate, oxalate, and
tartrate. In general, relatively broad waves and/or unevern baselines were
obtained using these complexing agernts.

Because of its relatively positive summit potential in a variety
of electrolytes, the ac polarcgraphic technique 1s parficularly well
guited for the analysis of bismuth containirig soluticns since the current
past the wave returns tc the baseline. For this reason, the analysis of
depolarizers that yield ac waves following the bismuth wave is usually
easily accomplished, providing that the concentratior of bismuth is not

too large.

Cadmium
The polarograpkic reduction of the divalernt cadmium ion to the
metal ig classically regarded as & reversitle one. It is therefore not
surpriging that the cadmium gave a good ac polarcgraphic wave in virtually
every supporting electrolyte tried in this laboratory: potassium chloride,

pohassium nitrate, ammonium chloride-ammonium, potassium iodide, sodium
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flucride, potassium hydrogen phthalate, potassium thiocyanate, hydro-
chloric acid, perchloric acid, ammonium acetate-acetic acild, sodium ci-
trate, and sodium coxalate. In most of these electrolytes cadmium gave a
reversible wave with a width at half-height of 45 mv (corresponding to a
two electron reduction); the detection limit was below 1 x 10° F (0.1 ppm)
cadmium.

The only common pelarographic interference of cadmium is the in-
dium ion (see below).

I non-complexing medisa cadmium was found fto be relatively unaf-
fected by pH changes with consistent results being obtained in the pH
rarge 3.0 tc 7.5 using a solutior that was 10°° F cadmium ion. A 30 per-
cent loss in height was fourd however when the pH was increased to 9.5.
This is in rather sharp contrast to the lead ion which was drastically
affected by pH changes (see below).

The use of a hanging mercury drop electrode for stripping analysis
was employed to examine very small concentrations of cadmium. Using this
technique detection limits below 1 X 10°° F (0.001 ppm) cadmium could be
realized. However; many prcblems were encountered uging this technique
and reproducible results were frequertly difficult Lo obtain. As might
be expected when dealing with such low concentrations, solutions were
easily ccontaminated from a variety of sources, e.g., the bubbler, tygon
tubing, ete. The supporting electrolyte (in this case potassium nitrate)
had to be purified by electrolytic prereduction, althkough the amount of
cadmium present was relatively small. An electrolytic prereduction simply
involves removal of contaminantvs by electrolysis at a controlled potential;

it proved to be reasonably effective providing the concentrations of con-
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taminants were not too high; however, much time (between 10 and 15 hours)
is required. The low cadmium contamination encountered could be obviated
relatively easily using this technique.

When using the stripping technique, care must be taken to control
experimental variables, such as plating time, uniformity of stirring, and

gize of the mercury drop.

Chromium

In general, rather poor results were obtained for chromium.

The most satisfactory ac polarographic behavior was obtained using
a scolution of saturated potassium bitartrate as a supporting electrolyte
for the reduction of the chromium(IIT) ion. In this medium a doublet was
cbtained with summit potentials of -0.79 volt and -1.1 volts. The first
wave corresponds to the reduction of chromium(III) to chromium{II) and
has a width at half-height of 140 mv, which is quite breoad for a one elec-
tron change. The second wave corresponds to the reduction of chromium(II)
tc the metal and has a width at half-height of 50 mv, and may therefore be
considered a reversible two electron reduction. The detection limit in
both cases was sbout 1 X 10°* F (5 ppm) chromium. Narrower waves were
obtained using a lower frequency of 24 Hz than the higher frequency of
100 Hz. This is in accordance with the theory outlined in Chapter IT.

Attempts using other supporting electrolytes for chromium(ITI)
proved to be futile. In the electrolytes, potassium chloride, potassium
cyanide, sodium hydroxide, sodium citrate, and potassium oxalate chromium-

(ITI) either gave very poor ac polarographic waves or no wave at all.
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Cobalt

Cobalt is not well known for reversible polarographic behavior.
However, reasonably good ac polarographic waves have been obtained in some
supporting electrolytes.

Frequency studies using the cobalt(II) ion and a supporting electro-
lyte consisting of 1 T in both ammonium chloride and ammonia proved inter-
esting. Using a frequency of 100 Hz and a cobalt(II) concentration of
7 x 107° F, a wave with a summit potential of -1.3 volts and a width at
half-height of 100 mv (broad for a two electron change of Co{II) to elemental
cobalt) was obbained. When the frequency was lowered to 2L Hz, a more
narrow wave (width at half-height of 85 mv) was obtained. There was also
a bebter signal to noise ratio at the lower freguency. Although the ac
wave was still not reversible (width at half-height of 45 mv for a two
electron change) there was a clear gain in reversibility at the lower fre-
gquency which is in sccordance with theory. The detection limit in the
armonia medium et 100 Hz was about 4 X 10°° F (2 ppm) cobalt{II) and was
slightly better at 24 Hz.

In 2 supporting electrolyte 1 F in potassium thiocyanate a reason-
ably good wave at a potential of -1.09 volte was obtained with a width at
half-height of 90 mv and a detection limit of about 3 X 10 ° F cobalt{II)
(2 ppm). Although the baseline was uneven, the wave could be used for
analytical purposes. In 0.5 F sodium fluoride a broad wave resulted
(width at half-height of 210 mv) at -1.4 volts. The detection limit of
sbout 1 X 10°% (6 ppm) cobalt(II) was poor.

In the presence of ethylenediamine, both cobalt{II} and cobalt(III)

gave good symmetrical waves in 0.1 I potassium nitrate at potentials
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ranging from -0.39 to -0.47 volt (depending on the amount of ethylenedi-
amine used). The width at half-height was about 90 mv (corresponding %o
the one electron reduction or oxidation for the Co(II}-Co(III) couple); the
detection 1limit was about 5 X 107 T cobalt. This is an excellent medium

for the determination of cobalt.

Copper

The method proved to be well suited for the determination of copper
ions. In a non-complexing medium, such as potassium nitrate, a wave is
obtained at +0.03 volt which corresponds to the two electron reduction of
copper(IT) to the metal. A width at half-height of L5 mv is found indicat-
ing that the reduction is reversible. The detection 1limit is about
5 x 10° (0.3 ppm) copper. The wave does suffer in terms of analytical
gpplication in that the baseline is uneven due to the wave caused by the
anodic dissclution of mercury immediately preceding the copper wave.
However, this is not a problem at copper concentrations well above the
detection limits.

In a solution of potassium chloride the situation is quite differ-
ent. Tn this medium, at a potential of +0.04 volt, copper(II) is reduced
to copper(I), which is stabilized by the chloride ion. At low concentra-
tions of copper this reduction is masked completely by the anodic dissolu-
tion of mercury which is shifted to more negative potentialg by the presence
of chloride: Hg + Lo1™ @ HgClE- + 2e. Copper{I) is then reduced to the
metal at a potential of -0.23 volt which gives rise to a symmetrical wave
with & width at half-height of 80 mv indicating a reversible one electron

reduction. The wave is well suited for the determination of copper; the
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detection limit, 1 x 10 ° (0.6 ppm) copper, is not as good as that in
potassium nitrate, but a more even baseline is observed.

A supporting electrolyte 1 I' in both ammonia and ammonium chloride
gave a wave much like that obtained in potassium chloride except tThat an
uneven baseline was caused by the shifting of the wave, corresponding to
merecury dissolution, To more negative potentials as a resuli of the
mercury-ammonia complex formation.

The determination of copper using a supporting electrolyte of po-
tassium hydrogen phthalate using frequencies of 100 and 2k Hz is noteworthy.
Although the dissoluiion of mercury caused an uneven bageline at both fre-
quencies, the problem was much less severe at 24 Hz. This phenomenon was
also noticed in other cases where mercury dissolution was & problem; i.e.,
a lower frequency sometimes allowed a better separation from the mercury
dissolution wave.

Attempts to determine copper using stripping analysis were unsuc-
cessful due to a relatively high amount of copper in the available mer-

cury. No attempts were made to purify the mercury.

Indium
It was found that the reduction of the indium(III) ion produced
well defined ac polarographic waves in supporting electrolytes of hydro-
chloric acid, potassium chloride, ammonium acetate-acetic acid, sodium
citrate, potassium hydregen phthalate, and potassium iodide. These waves
are all narrow with a width at half-height of about 3C mv (indicating a
reversible three electron reduction), the detection limit is about 3 X 10°°

F (0.2 ppm) indium ion.
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The reduction in potassium icdide is particularly important because
it makes the gsimultaneous determination of indium and cadmium feasible.

At 100 Hz the ac wave due to the dissolution of mercury was found to cause
an uneven baseline; whereas, at 24 Hz this problem was eliminated.

Cadmium is the only metal ion that interferes with the determination
of indium; and, while indium is easily rendered nonreducible in the pres-
erze of cadmium, the reverse gituation is not readily attainable. The
gimzltaneous determinatiorn of cadmium and irndium will be discussed in the

next chapter.

Iron

The presence of an appropriate complexing agent 1s necessary in
order to obtain an ac polarographic wave for ilron. In the presence of
oxalate and citrate well defined ac waves were obtained under proper con-
ditions.

As expected, waves obtained with the respective iron complexes
were Tound to be dependent on pH.

In a supporting electrolyte, 0.1 F in potassium oxalate and 1 F ir
potassium nitrate with the pH adjusted to 4, a very well defined wave at
a poterntial of -0.23 volt was obtained. The widin of the wave at the half-
height was 90 mv indicating a reversible wave for the one electron redox
reaction of the iron(III)-iron(II) couple. The detection limit was about
5 x 10 © F (0.3 ppm) iron. As expected, the appearance of the ac polaro-
gram was the same for the reduction of iron(III) and for the oxidation of
iron(IT).

Iritially a sclution contalning only potassium oxalate was used.
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While a well defined wave was obtained, the background current was high.
This problem was solved by holding the concentration of potassium oxalate
at 0.1 F, but meking the solution 1.0 I in potassium nitrate. The potas-
sium nitrate apparently served to minimize the double-layer charging cur-
rent and thereby lowered the background. Similar results were obhtained
employing citrate as a complexing agent, with best results being obtained
with & solution 0.5 ¥ in sodium citrate and 1 F in potassium nitrate at a
ol of 4. Using this system, a well defined iron wave was obtained with a
potential of -0.09 volt, a width at half-height of 90 mv (indicating a re-
versible redox reachion for a one electron change), and a detection limit
of about 1 x 10 ° F (0.6 ppm) iron.

When using the oxalate system to analyze for iron in natural waters
it was observed that sometimes a white precipitate of calcium oxalate
formed. In order to ascertain whether or nct the iron determination was
affected by the presence of this precipitate, two identical solutions
1.0 x 10°® F in iron were prepared except that one was made millimolar in
calcium ion (this amount gave much more precipitate than any of the natural
water samples). The two solutions were analyzed for iron using the potas-
sium oxalate-potassium nitrate electrolyte. Identical results were ob-
tained indicating that the presence of rather high concentrations of

cgleium in the original sample do not affect the determination.

Lead

The reversible polarcographic behavior of the lead ion is well known
and a well defined ac wave was obtained for this metal ion in virtually

every supperting electrolyte tried: potassium nitrate, potassium chloride,
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potassium hydroxide, hydrochloric acid; perchloric acid, ammonium chlo-
ride, ammcenis-ammorium chloride, potassium hydrogen phthalate, sodium
citrate, sodium succinate, acetlc acid-ammovium acetate, and pobassium
oxalate. The summi’s potentials ranged from about -0.39 volt in petassium
nitrate to -0.76 volt in pctassium hydroxide. Mosh of the waves had a
width at half-reight of 45 mv indicating veversible behavior for the two
electron reduction of lead(II) to the metal.

Resultg cobtained usirg the hanging mercury drop for stripping
aralysis were much tle same as those found Tor cadmium. A detection limit
at about 1 X 10 ° F lead was realized under ideal conditions. The con-
tamination of reagents by lead was much more of a problem than with cad-
mium. Both of the contamirants could be removed by electrolytic prereduc-
tion (see cadmium), but “re removal of lead required a muck higher elec-
trolysis time; exceeding 20 hours. The mercury initially used for these
studies (Bethlehem Instruments triple-distilled mercury) contained unac-
ceptable amounts of lead for studies involving concertrations below
1x10°® F lead. However, reagent grade mercury from Mallinckrodt was
found t0 be acgeptable for these studies.

In addition to the converiional type or stripping analysis using
the hangirg mercury drop electrode, some work was deone using a mercury
coated rotating platinum electrode. Work with electrodes of this type has
been reported in the literature (7,8,9).

It was felf that the mercury coated rotating platinum electrode
would offer *the advantage of the high hydrogen overpotential commonly asso-
ciated with fthe mercury electrode as well as eliminate the possible loss

of the electro-active species {in this case lead) by diffusion into the
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mercury drop.

The mercury was plated onto the rotating platirum electrode (E. H.
Sargert and Co., type K¥C-22, 1800 rpm) by holding the potential of the
electrode at 0.0 volt in a stirred solution 0.1 F in xnitric acid and
5 x 10 % F in mercury(II) for 15 minutes. Once this process was completed
the lead was deposited onto the mercury coated platinum electrode followed
by anodic stripping. This procedure, i.e., first coating the platinum
electrode with mercury and then depositing the lead, was found to be
superior to the simultaneous deposition of the two metals:; although
Bruckenstein and Nagai (7) have reported the simultanecus deposition of
thallium(I), lead(II), and mercury(II) icns onto pletinum in similar solu-
tions at potentials g8 negative as -1.05 volts.

Ir gereral, the mercury coated platinum electrode resulted ir poor
reproduciblility. It was possible to achieve a detection limit of about
1 x 108 I lead which offered no improvement over stripping analysis using
the hanging mercury drop. Since the results were more reproducible using
the hanging mercury drop, it was Jjudged superlor for siripping analysis.

In non-complexing media, the ac wave of lead was found to be rather
strongly affected by pH changes. In a supportirg electrolyte 1.0 F in
potassium nitrate 1 x 10°° F lead gave an ac polarcgraphic wave with a
height of 10.8 cm at pH 3.2; when the pH was charged to 7.5 the height of
the wave dropped to 5.6 cm. This was in sharp contrast to the ac polaro-
graphlc behavior of *the cadmium lon which was unaffected by similar pH
changes.,

Lead was used to test the linearity of response of the instrument.

Ugirg a supporting electrolyte 1.0 I in potassium nitrate & linear response



L6

was cbtalned for the wave Leight for concertraticns of lead rarging from
1.C x 10°® F to 1.0 X 10°° F. Figure 5 represents a log-log plot of wave
reight (measured in secale divisions of chart paper) versus concertration
of lead. In obtaining these data, all instrument settings were identical
with the exception of the signal level which was varied from a minimum
value of 0.001 {for 1.0 X 10 ° F lead) to & maximm value of 1.0 {for
1.0 x 10°° T lead). All respouses were normalized to a signal level of
1.0 before the logs were taken. In addition to verifying the linearity
of respcunse of the instrument,; the above serves to illustrate its versa-
tility in that relatively concentrated sclutionsg, 1.0 X 107 F, and rela-
tively dilute solutions, 1.0 X 10 ° F may be easily determined.

The linearity of response of the instrument was repeatedly checked
using a variety of metal ioms. However, only lead was examined over such

a wlde concentration range.

Manganese

It was fourd necessary for margareze to be presert in the +2 oxi-
dation state in order for well defined ac polarographic waves %o be
obtained.

The best mangenese(Il) ac waves were obtained with supporting elec-
trolytes of 0.1 I potassium chloride or 0.1 F potassium iodide with the
pH sdjusted to 7.0. These solutions gave arn ac wave with a2 summit pcter-
tial of -1.L8 volts, a width at half-height of 60 mv (theoretically 45 mv
for the two electror reduction to the metal), and a detection limit of
about 2 X 10°° F (1 ppm) manganese. Higher, 1.0 ¥ or lower, 0.0l F, con-

zentrations of elther of these salts resulted in broader, less sensitive
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waves with uneven baseliﬁesu When a solution C.1C F in potassium nitrate
at & pH of 7.0 wag used, & wave was obtained comparable to that cblhained
in potassium chloride or potassium iodide; however, the baseline was
ureven. The manganese(II) wave was masked completely by the hydrogen
wave al pH values below 5.0.

The supporting electrolytes, potassium cyanide and potassium thio-
cyarate, were also used. In potassium cyanide, marganese gave a reasonable
wave at -1.5 volts with a width at half-teight of 70 mv while in potassium
thiccyanate a very broad wave with a widsh at half-height of 140 mv and a
summit potential of -1.5 volts was obtained. The detection limits in both
of these elecfrolytes were much less than that fournd ir potassium chloride
or potassium iodide.

The use of the hanging mercury drop for the analysis of manganese
proved to be unsatisfachory. Stripping techniques using the hanging mer-
cury drop electrode required consfant potentials more negative than the
-1.5 volts at which marngarese is deposited. The drop was very unstable and
often fell from the electrode due to the small surface tensions at fthese

very negative potentials (10).

Mercury
The use of a rotating platirum electrode for the determination of
the mercury(II) ion was examined. The electrode was the same model de-
scribed previously irn the lead discussior.
The mercury(II) ac wave obtained from the forward (positive to
negative) sweep in 1 I' potassium nitrate was very poor and erratic. How-

ever, strippirg analysis usirg the rotatirg platinum electrode worked
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much better; a very sharp wave, width at half-height 35 mv, was obtaized
a* & summit potential of +0.41 volt in pohtassium nitrate. The detection
limit was &bout 1 X 10 ° F (0.2 ppm) mercury ion. The deposition of mer-
cury was performed with the electrode rotating and at a potential of +0.2
volt. The resulte were reproducible providing that proper care was taken
to clean the electrode (see below) and that experimental conditions, i.e.
plating time, stirring, were strictly controlled. Unfortunately, however,
*the height of the waves was found not to be linear with the concentration
of mercury.

The most effective way of cleaning the electrode has been described
by Adams (11). The electrode is first immersed in a chromic acid cleanin
golution, whereby a platinum oxide coating forms on the surface. Then
the electrode is rinsed with water and treated with a solution of iron(IT)
irn sulfuric acid in order *to reduce the platinum oxide %o elemental plati-

U .

Nickel

In ro case was a perfectly reversible ac polarographic wave observed
for nickel. However, some supporting electrolytes gave reasonably good
waves for the reduction of rickel(IT) to the metal.

A well defired symmetrical wave was obtained using a supporting
electrolyte of 1 F potassium thiocyanate with a summit potential of -0.71
volt. The width at half-height was 65 mv (broad for the two electron
change) and the detection limit was about 1 x 10 ° F (0.6 ppm) nickel.

A reasonably good wave was obtained in a solution 1 I in pctassium

cyanide at a potential of -1.37 volts. The detection limit was about
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1 x 10°° F (0.6 ppm) nickel and the width at half-reight was 70 mv (broad
for the two electron transfer). The baseline however was uzeven.

A supporting electrolyte 0.1 F in potassium nitrate gave a broad
wave with s width at half-height of 100 mv at a potentisl of -1.04 veolts.
The detection limit was ounly about 10™* F (6 ppm) nickel. The nickel wave
in this electrolyte overlaps with that of zinc.

Frequency studies were conducted on the rnickel wave in a supporting
electrolyte 1 F in both ammonia and ammonium chloride. At 100 Hz a wave
with a width at half-height of 145 mv was obtained at a summit poterntial
of -1.12 volts. At 24 Hz, the wave was narrower, width at half-height of
120 mv (still broad for a two electron change, but an improvemen%), with
a summit potertial of -1.06 volts. The behavior of nickel differs from
that of the cobalt, on which similar freguency studies were performed
(see cobalt discussion), in that there is a shift in the summit potential
with frequency. Since both waves are narrower at the lower frequency and
the summit potential for nickel is shifted to a more pcositive value, the
separation of the two waves in the ammonia-ammornium chloride medium is

much more effective at the lower frequency.

Thallium
Cr.ly twe supporting electrolytes have been used in the analysis of
the thalliwm(I).
In 1.0 F potassium chloride and 0.85 F potassium hydroxide solu-
tions identical waves are obtained with a summit potential of -0.48 wvolt,
a width at half-height of 90 mv (indicating a perfectly reversible one

electron reduction of thallium(I) to the metal), and a detection limit of



about 1 X 10 ° F (2 ppm) thallium. Lead commonly irterferes with thallium
but the tendency of thallium not to form complexes makes the simultarneous
determination of the two metals readily possible since the formation of
lead complexes readily shifts the lead waves to more negative potentials

(see Chapter IV),

Tin

The ac polarographic behavior of tin proved to be excellent.
Tin(IV) gave a symmetrical ac wave at a potemtial of -0.L7 volt in a sup-
porting electrolyte 1 F in hydrochloric acid. The width of the wave atb
the half-height was 45 mv which corresponds to a reversible two electron
reduction. The electrode process thai occurred at this potential was the
reduction of the +in{II) species to the metal and, in fazt, a sclution of
only tin(II) ions gave a wave identical +o *tin{IV) in a supporting elec-
trolyte of hydrochloric acid. The +in(IV) was reduced o tixn(II) at a
more positive potential although this process was totally irreversible and
therefore not observed by the ac polarcographic technigque. TIf the sclution
of hydrochloric acid were saturated with godium chloride the summit po-
tential was shifted to ~0.53 volt. The detection limit in hydrochloric
acid was gbout 5 X 10°° F (0.6 ppm) +in.

A supporting electrolyte C.5 ¥ in sodium ciftrate ard 1 F in potas-
sium nitrate at a pH of 4.5 shifted the wave for tin{IV) to the more
positive potential of -0.13 volt. In this case the tin(IV) ion is reduced
to the tin(II) ion which is shtabilized by the eitrate ion. Recause of this
stabilization, the tin{IV) 4o tin(II) reduction gives ar observable wave,

but the tin{II) (which is strongly complexed with citrate) reduction to
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the metal does rot. The wave has a width at half-height of 80 mv and a
detection limit of about 1 X 10°° F (1 ppm) tin.

In a supporting electrolyte 1 F in both acetic acid and ammonium
acetate tin(IV) gave a well defined wave with a summit potertial of -0.6
volt, a width at half-height of 45 mv, and a detection limit of about
1%x10° F (1 ppm) tin.

In a supporting electrolyte of hydrochloric acid the ac polaro-

graphic waves of tin and lead coincide.

Vanadium

Only a limited number of results was obtalined for vanadium.

In a supporting electrolyte 0.05 F in sulfuric acid a very broad
wave, width at half-height of 200 mv, was obtained for vanadium(V) at a
summit potential of -0.88 volt. The limit of detection was relatively
poor, about 10°* ¥ {5 ppm) vanadium.

The above wave (width at half-height of 200 mv) was obtained using
a frequency of 100 Hz. TLowering the frequercy to 24 Hz narrowed the wave

some (width at half-height of 180 mv) but not enough to improve the re-

sults sigrnificantly.

Zine
The ac polarographic reduction of the zinc(IT) to the metal was
examined in a variety of suppeorting electrolytes. In particular cases
the concentratiorn of the electrolyte proved to have a significant effect
cn the reversibility of the wave.
The best zinc wave was obtained using supporting electrolytes of

0.01 F potassium ritrate or 0.0l F potassium chloride. In either of
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these electrolytes perfectly symmetrical waves were obtained at a summit
potential of -1.0 volt. The width of the waves at half-height was L5 mv
{corresponding to a two electron reduction) and the detection limit was
lower than 1 X 10°° T (0.06 ppm) zine,

In supporting electrolytes 0.1 F in potassium salts, i.e. nitrate,
chiloride, iodide, and thiocyanate, good waves were chkiained with the best
wave being obtained in a 0.10 F solution of potassium iodide. This 1s in
agreement with results obtained by kandles (12) who studied the effect of
the supporting electrolyte on the rate of the reduction of zinc and found
that the rate increased in the order rnitrate < bromide < thiocyanate <
lodide. The concentration of the electrolyte proved to be of more impor-
tarce, however, sirce in 0.0l I potassium nitrate the wave for the reduc-
tion of zirnc was better than in 0.1 F potassium iodide. When the conceri-
tration of potassium salts was made 1.0 F much broader waves resulted.

Although better waves were obtained with a potassium salt concen-
tration of 0.01 F, a 0.1 F concentration is recommended for the simultane-
ous deferminatior of zinc and other meital ions because the background
currents are frequently high at potentials removed from the zinec wave when
concentrations of 0.0l F are employed.

The hydrogen wave interfered with the determination of zinc when
the solutions were too acidic.

When complexed with ammorla zinc gave a wave with & summit poterntial
of -l.4 volts, a width st half-height of 95 mv (indicating irreversibility)

and a relatively poor detection limit of 3 x 10 - ¥ (2 ppm) zinc.
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CHAPTER IV

MIXTURES

In this chapter the optimum conditions for the anslysis of a number
of multicomponent mixtures will be presented. Close aiterntion will be
paid to depolarizers thal commonly interfere with each other polarographi-

cally.

Lead and Cadmium

Althiough these substances do not normally interfere with each other
polarographically, a discussion involving these two metal ions will demon-
strate the particular utility of ac polarography in the analysis of ore
gpecies in the presence of a2 relatively large amount of another one *that
is more easily reduced, i.e. reduced at a more positive potential.

A golution 1 F in potassium nitrate was used as the supporting
electrolyte. The summit poitentiale of lead and cadmium in this medium
were fourd to be -0.41 vol: and -0.58 volt, respectively. With 2 X 10°°
P cadmium ion a well defined ac wave was obtained; this is not surprising
sirce this concentration is well above the detection limits found for
cadmium; however, this concerntration of cadmium ion is just barely detecnt-
able uging classical de polarography. When a solutiocn that was 1 X 10°®
I ir lead and 2 x 10°° F in cadmium was analyzed, the ac wave for the
cadmium was identical to that found in the absence of the lead, although
it was, of course, preceded by a large lead wave. A study on the same

solutions using de polarography showed that the large lead step completely
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irterfered with the determinaticn for this small amount of cadmium.

Cadmium ard Indium

The problems associated with the simultaneous polarographic deter-
mination of cadmium and indium are well known {13).

In the absence of a suitable complexing agent, the indium(III) is
irreversibly reduced at the dme and therefore the ac polarographic deter-
minatior of cadmium in the presence of indium is relatively straightforward,
gince reversible ac waves are obtaired for cadmium in a variety of support-
ing electrolytes, both complexing ard ror-complexing. The reverse situa-
tion, i.e., the determination of indium in the presence of cadmium, is
ot 50 easily achieved. The two waves were found to be very close together
(maximum separation about 30 mv) in a variety of supporting electrolytes;
potassium chloride (with and without ethylenediamine), potassium hydrogen
prthalate, acetic acid-ammorium acetate, and sodium citrate-potassium
nitrate. The simultanecus determinatior of *hese two metals in any of
these electrolytes would, aft best, be very difficult; further, if the cou-
certrations of the two metals were not roughly the same, then such a deter-
mination would rot be possible.

A supporting electrolyte 0.1 F in potassium iodide was found to be
gultable for the simultareous determinatior of cadmium and indium, with a
separation of 0.12 volt between the two summit potertials (ES Tor indium
-0.54% volt, E, for cadmium -0.66 volt).

A frequency of 24 Hz was found to be better tharn 100 Hz for this
determiratior. At low indium ion concentrations (below 1 X 10 ° F) the

dissolution of mercury irterfered with the determination of indium at a
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frequency of 100 Hz; whereas, this interference did not occur at a fre-
quency of 24 Hz. Also the resclution of the two waves was better at 24
Hz. At higher concexirations of potassium lodide, e.g. 1L F, the wave due
to the dissolution of mercury interfered with the determination of small

amounts of indium regardless of the frequency employed.

Zinc and Manganese

A solution 0.1 F in potassium iodide proved to be an excellent
supporting electrolyte for the simultanecus determiration of zing, ES =
-0.98 volt, and manganese, B, = -1.48 volts. Although a solution of 0.01
F potassium iodide gave a slightly better ac wave for zinc, backeground
currents atb potentials corresponding to waves of other depolarizers, e.g.
cadmium, manganese, were high. For this reason, ard because iodide is the
best of the potassium salts for the determination of zinc, a 0.1 F solu-
tiocn of potassium iodide is recommended for the determination of zine and

manganese. It 1s obvious *that this supporting electrolyte would be well

suited for the simultaneous determination of indium, ES = =0.54 volt, cad-
mium, B = -0.66 volt, zinc, E, = -0.98 volt, and manganese, B, = -1.L8
volts.

Lead, Tin, ard Thallium

T4 acidic halide solutions the waves of thallium and tin coincide
with that of lead. In 0.5 I hydrochloric acid the summift potentials are
-0.49, -0.47, and -0.43 volt, respectively. The tin wave does not occur
towever in & non-complexing medium such as pohassium nitrate, but the
thallium and lead waves do and still coincide.

Thallium and lead may be simultareously determined in 0.85 F
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potassium hydroxide. The resoluticn of the two waves in this electrolyte
was found to be complete with a separation of 0.27 volt beirg obtained;
E, for lead -0.76 volt, B for thallium -0.49 volt. Tin is polarographi-
cally inactive in this medium.

In potassium hydroxide, cadmium is polarographically izactive ard,
therefore, does not hinder the determination of thallium and lead. How-
ever, the simultaneous determination of thallium, lead, and cadmium was
found to be possible by using a solution of 0.1 F potassium nitrate irn a
solution made 0.6 percent ethylenediamine. The summit potentials were
-0.48 for thallium, -0.68 volt for lead, ard -0.86 volt for cadmium. Tizn
is pelarographically inactive in this medium.

While there are many supporting electrolytes in which lead may be
determined in the presence of tin, the opposite situation, i.e., the deter-
mination of tin in the presence of lead is not so readily possible. Two
electrolytes guitable for the simultanecus determination of these two metals
were used in this study. In a solution 0.5 I in sodium citrate 1 T irn po-
tassium nitrate and of pE 4.5, tin(IV) gave a reagonably well defined wave
at a summit potertial of =-0.13 volt; while the lead wave had a summit po-
tertial of -0.53 volt. In a solution 1.0 F in both acetie acid and ammo-
nium acetate well defined, reversible waves for lead and tin were obtained
at -0.L8 volt and -0.60 volt, respectively. Although the tin behavior is
more revergible in the acetate medium than in the citrate medium, the ci-
trate offers a greater separation of the two waves. Lead shows reversible
behavior in both electrolytes. Cadmium irterferes with the determination
of tin in the acetate medium. Iron and copper interfere in the citrate

medium. Copper, tin, and cadmium may simultareously be determined in 0.5
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and copper frequently occur in actual samples.

Bismuth and Antimony

A golution 0.5 F in hydrochloric acid would, in most cases, serve
as a sultable supporting electrolyte for the simultaneous determination
of bpismuth and antimony; ES for bismuth of -0.065 volt, ES for arntimorny of
-0.14% volt (a separation of 0.075 volt). However, as mentiored ir the
discussion on bismuth (see Chapter'III), a 0.5 T sodium succinate solutiocn
offers a much greater separation, 0.4l volt, between the two waves.
Sodium succlinate would be very well suited for the analysis of small

amounts of antimony in the presence of large amounts of bismuth.

Nickel and Cobalt

For the simultanenus determination of rickel (ES = =0,71 volt) and
cobalt (Es = -1.1 volts) 1.0 F potassium thiocyanate was found to be a

suitable supporting electrolyte.

A solution 1 F in both ammonia and smmonium chloride also proved
to be suitable for the simultaneous determination of nickel and cobalt.
The resolution of the two waves was much better at 24 Hz thar at 100 Hz

(see nickel, Chapter III).
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CHAPTER V

SURFACTANTS

Small amounts of surfactants (surface-active substances) are offen
uged in conventional dc polarcgraphy to supress maxima on the steps. If
these maxima are not eliminated the analysis of metal ions using the dc
technique is sericusly hindered. In ac polarography, however, the pres-
ence of surfactants must usualliy be avoided because the rate of the
electren-transfer reaction is markedly decreased and a large decrease in,
or even disappearance of, The ac polarcgraphic wave may occur. This
chapter deals with the effect of the presence of various types of surfac-
*tants on the ac pclarcgraphic method, and with elimination of interfer-

ences caused by thils presence.

Nonionic Surfactants

The effect of uncharged surractants, e.g. Triton X-100, will
generally lead to irreversible de polarcgraphic behavior and, therefore,
a broadening or disappearance of ac polarographic waves. This bekavicr
rag been verified in this laboratory using the surfactants n-amyl alcchol,
octyl alcohol, and Triton X-100.

The presence of n-amyl alcchol or octyl alcohol caused a 1 X 107°
F lead soluticn in 1 F potassium nitrate to give an irreversible dz step.
The az wave broadened and a significant loss in wave height was observed.
A solution (2 X 10™° F cadmium ir potassium nitrae} which gave a well

defined reversible ac wave which was zompletely suppressed upon the
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addition of n-amyl or octyl alcchol.

Triton ¥-100, wher added to & sclution 1 X 107 °

F in cadmium,
L x 107° F in zinc and 1 F in potassium nitrate at pH values ranging from
1.5 to 3.7, completely suppressed the cadmium and zinc ac waves. In &
golution 2.5 F in perchloric acid, 1 X 10 ® F in lead, and 1 X 10 ° F in
cadmium, the presence of Triton X-100 causes broadening cof the lead wave
and total disappearance of the cadmium wave.

In all zaseg, the solutiong were saturated with the surfactant.
Clearly, the presence of this type of surfactant cannot be tolerated when

uging the ac technigue. A procedure Tor the elimination of interferences

caused by the presence of surfactants is given below (see Chapter VI).

Tornis Surfactants

Several invesftigators have examined the effect of ionic surfactants
ov dc polarographic waves (14,15,16). Gererally, results have indicated
that systems in which the surfactant has a charge opposite in sign to that
of the depolarizer yield a wave corresponding to a reversible reduction
cf the depcolarizer: whereas, systemg examined in whick the charge of the
surfactant and the depolerizer were of *the same sign have irreversitle
waves. Trese phenomena have been interpreted by assuming that the depol-
arizer can penetrate through certain surface films (14,15), or that the
formation of a bridege accelerates the electron-transfer between the elec-
trode and the depclarizing species (17). The irrevercible waves can
probably best be explaiced by ar electrostatic repulsion involving the
electrode and the depolarizer.

More recently, Jacobsen (18) and Jacobsen and Gundersen (19) have
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reported resulte in whickh well defired ac waves were obtained in the pres-
evce of charged surfactants, providing that the charges of the surfactants
were of signs cppesite to those of the depolarizers. Since the reduction
ls brought about by an electron-trangfer through an absorbed layer, Jacob-
sen has proposed to call *these waves "ac penetration waves " (18). These
waves were nct cbserved with the depolarizers and the surfactant having
the same charge sign. This observation is in agreement with results pre-
viously cited in which irreversible dc waves are obtained under these con-
ditiong. The heighit of %the ac penetraticn wave was found to be propor-
tional to the bulk corcertration of the depolarizer (18).

Since ac perietyation waves are observed under appropriate conditions
it is obvious that fthe presence cof icnic surfacztsants may sometimes be
tolerated and, in fact, may be analytically useful. Recently Jacobsen
and Tandberg (20) have reported results in which the aniozic surfactant
Benax was used in the determination of cadmium in the presence of large
amourts of indium. Iz this case, the anioniz surfactant served as an elec-
trochemical masking ageni for the negatively charged indium citrate com=-
plexes but did not affect ac polarcgrams of uncomplexed cadmium iohs.

The effect cf commercial detergents, Tide X-K, Comet, and Alconox,
was examined. The avuioric species sodium dodecylsulphate (SDS) is tre
surface-actlve substance present in these detexgents. When added to a
gsclution 1 X 107° P in lead, 1 X 10 ° F in cadmium, axd 4 x 10°° F in
zinz and 1 F in potassium riitrate, at a pH of seven or greater, tihe waves
of all three depolarizers were depressed. However, when the pH was lowered
to values below 4.5, the ac waves were unaffected. When gimilar studies

were performed using pure S5DE, identical results were obhtained; i.e.,
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simple acidification of the solution was adeguate to elimirate the inter-
fere-ce due to the surfactant. The concerntration of the surfactant in the
pclarograpkic scolutions was C.1 gram per liter in all cases.

Tn this case, the surfactant, SDS, is negatively charged and the de-

clarizers, lead, cadmium, and zinc are positively charged since a non-
complexing supporting electrclyhe is used. I% is not surprising, therefore,
that an ac peretration wave was observed uzder these conditions.

Studies involving the positive surfactants, Onyx and Armeer, also
indizated the impcrtance of the charge of the depolarizers and the surfac-
tarts. Onyx and Armeen are lomg-chain molecules and have active amine
groups that take up protors (and thereby become positive) ag the acidity
of their goluficonsg ircreases.

When Onyx was added to a scluticn 1 X 107° F in cadmium and b x 1077
F in zine and 1 F in potassium nitrate; which leaves both species present
as essertially Vi ions, the acz wave heights of both metals were lowered.
As the pH was lowered from an initial value of akout five, both waves be-
came mcre depressed, witk a complete disappearance of the waves oocurring
at a pd of about “wo. 3ince the depolarirzers and the surfactart are posi-
*ively charged, the depclarizers are probably electrostatically repelled
from the adsocrbed layer and ro ac wave ig ctgerved.

Similar results were fournd in a study involving Armeen Iz which
2 x10°° F lead and 2 X 16 ° I' cadmium i1 a supporting electrolyte of 0.5

F perchleric acid was used. Upon addififon of Armeen to this solution,

Frj

both the lead and cadmium waves were ccmpletely suppressed. Since per-
chloric acid is her-complexing, the depclarizers are agaln presernt as

+ . . . . ‘ .y
M2 ard sizce these are repelled at the eleztrode surface by the positive
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surfactar® a reversible reduciticn 1s not possible.

The situation changes significantly, however; when the solutior
ie made 0.2 F in sodium chloride. Well defired waves are obtained for
lead ard cadmium irn this medium even when Armeen is added to the sclution;
in fach, there is a slight gain in wave height due to the presence of
Armeen. In this case the icns are riow present predominantly as the com-
plexes MC12 and MClB-. These are able to pass through the adsorbed posi-
tive layer and their reduction Is not hindered. The height of the lead
wave was found to be linear with the concentration of lead ions; this
linear relatiornship did, however, not apply to the cadmium icn.

Similar results were obitained for the positive surfactant Onyx
when added to a lead and cadmium contairing solution of 0.5 F perchloric
acid-0.2 F sodium chloride. The lead and cadmium waves were found to be
unaffezted by the additicn of Onyx.

Iy the above studies, all of the peclarographic sclutions were

saturated with Onyx and Triteon X-100.
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CHAPTER VI

ACTUAL SAMPLES

A variety of samples, all of which were cobtained from the Atlanta
area, was examined. This chapter outlines the results obtained and pre-
sents a general procedure for analysis.

Initially, achtual samples, i.e. natural water samples and indus-
trial samples, were analyzed directly without any pretreatment. As the
studies progressed, it was found expedient to develop a general procedure
for the removal of interfering organic materials. The use of this pro-
cedure assured that any organic species that might interfere with the ac
polarographic method would be obviated and that any metal ions present
at detectable limits could be determined.

Since the optimum conditions for the analysis of individual metals
(Chapter ITI) and mixtures (Chapter IV) have already been presented, only
the results obtained will be presented here.

Some samples were initially analyzed without pretreatment, i.e.
tre supporting electrolyte wasg added directly to the sample, the result-
irg sclution was deaerated with nitrogen and the ac polarcgram recorded.
When the presence of metal ions was indicated, the concentrations were
determined by the method of standard additior. In many cases standard
additions of metal icng, not detected ir the sample, were made to deter-
mine whether their determinaticn would be feasible if present. The results

obtained from the studies without preirecatment must necessarily be viewed
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with some skepticism due fto the pesslible presence of interfering surfac-
tants.

Since the presernce of surfactants is known to interfere with the
ac polarographic method (see Chapter V), it was deemed necessary to estab-
lish a pretreatment procedure to eliminate their presence. This was ac-
complished by evaporating the solutions in the presence of perchloric and
ritric acids. All evaporations were carried out in an Erlemmeyer flask
usirg a hot plate under a hocd.

The use of perchloric and nitric acids for the eliminatior of or-
ganic matter is well known (21) and has recently been described for the
elimiration of surface active compounds in the determination of lead ious
by square-wave polarography (22).

Perchloric azeid alone was found te be insufficient for the destruc-
tion of surfactants. When concentrated perchloric acid was added tc a
saturated aqueous soluticn of Triton X-100, a black, tarry substance formed
as the evaporation proceeded. This substance persisted, even upon pro-
longed heating. When concenftrated nritric acid was added and the heafting
centinued, the black substance slowly disappeared giving rise to the
characteriztic white fumes of perchloric acid.

The uncharged surfactant, Tritor X-100, was chosen to test the
effectiveness of the method since even trace concentrations of Triton
¥-1C0 are knowrn tc severely interfere with ac waves, when a solution
containing 1 x 10°° T lead, 1 X 10 ° F cadmium, and saturated with Triton
X-100 was treated with concentrated perchleoric and concentrated nitric
acids followed by evaporation to fumes of perchloric acid, the ac polaro-
graphis irnterference due to the presence of Tritor X-100 was eliminated.

Congidering the difficulties that are encountered when surfactaunts
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are present and the fact that an evaporation treatment with a perchloric
acld-ritric acid solution will elimirate these difficulties, it was pos-
gible to develop tre followirg procedure with the most practical approach
for the ac methced. The evaporatlorn of the relatively large volume used
(about 300 ml) serves tc concertrate ary metal ions present and thereby
bring them to a detectakle limit; this may consist of as much az a ten-
fold concentration step.

Frocedure

1. Irntc a 500 ml Erlemmeyer flask,; introduce a known volume
(between 250 and 300 ml) of sample solutiorn.

2, Add 25 ml each of reagert grade concentrated perchloric and
corcerntrated nitric acids.

3. Fvaporate on a not plate toc the white fumes of perchloric
acid (te about 25 ml) under a hood.

4. Remove *he flask from the hot plate and cool.

5. Transfer the resulting sclution gquantitatively to a graduated
polarographic cell, add ar approprilate amount of sodium chloride to make
the final solution 0.2 ¥ in sodium chloride; and bring to a known volume
[between 25 and 50 ml is conveniert). I desirable, a pH adjustmen® may
ke performed before bringing the solution to Tizal volume.

6. Deaerate with ri*rogen ard record the ac polarogram.

The preocedure requires aboud four or five hours for completion. If the
lsrge volume is not necessary, +tha’t iz, if the concentration step 1s not
necessary, then the pretreatment procedure requires considerably less time
{about ore hour). Once the white fumes of perchloric acid appear a1l or-
gariz matier has beer elimirated. If desirable, further evaporation serves

to remove any unwanted perchloric acid.
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Liscussion ard Regults

Trne resulfts obtained, using *the method described herein, in the
aralysis of actual gamples were rnot compared to those of another analyti-
¢al method. Tt was felt that guch a comparison was not necessary due %o
favorable results obtairned whern a variety of artificial samples was

nalyzed. In tre analysis of thre artificial samples the prcblems en-
counhered iz actual samples were dealt with. In all cases, the presence
of possible irnfterfererces, such as high salt concentrations or surfactarts,
proved to either zo® interfere (as was the case with high salt concentra-
ticns), or could be readily eliminated (as was the case with surfactarts).
In additior, comparison shudles would be difficult to achieve, since any
vtner methed comparakle i sernsitivity and speed %c the method herein
described would bte ditfrficult fo realize.

The applicatior. of the ac polarographic method, both with and
without the perchloric anid-nitric acld pretreziment, gave the following
results. Ir some cases, ouly relatively small volumes of sample were
available; when suificiest sample was available, 250 ml were used when
tre perchloric acid-ritric acid pretreatmert procedure was employed. In
all cases the firnal polarcgraphic determination was performed on 50 ml of
sclution. Firsh, resulhs obbtained on natural water gamples will be pre-
gerted followed by resulte obtaired when industrial samples were analyzed.

In the anslysis of a sample obtained from the Chattahoochee River
at Paces Ferry Road, no metals were tound within the detection limits of
the instrumert. Wher standard acditiors of iror, thallium, and lead were
made, well defired waves resultied.

Anglysis of & sample obtairned from Sope Creek at Paper Mill Road
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gkowed ro detestable metal ions., Standard additions of lead, cadmium,
arnd zint resulted in well defired waves.

Whern a sample cttalred at the foot of the Allatocna Dam was analyzed
no detectable metals were found. The standard addition of manganese re-
sulted ir a well defired wave.

In the analysis of & sample obltalned at the foct of Buford Dam,
no metals were fourd 4o be presend at concentrations greater than the de-
tecticn 1limits of the instrumernt.

A sample obhtained from Hottenwood Creek gave gsome interestirg re-
gults. ging a supporting electrolyte 1.0 F in potassium chloride and
without the perchloric acid-nitric acid pretreatment, standard additious
of lead, caamium, zir:z, and mangarnese resulted in well defined waves.
However; the heignts of *hese waves did not increase in a linear fashion
with imcreasicg conczertration. This problem was eliminated by employing
a strongly azidiz suppcrtinzg electrolyte (0.5 F hydrochloric acid) in
which lirear respornges were obtaired for standard additions of cadmium and
lead. Apparently, tnies gbtrorg acld sclution served to eliminate some
interference. Sirce the kottenweod Creek sample appeared to contain some
interfering species, the possibility of metzls being present that could
not be detected due to an interference was suspected. However, whe:s the
perchloric acid-nitric acid preftreaftment procedure wag applied to 110 ml
of *+he Rotternwoced Creek sample ne metals were found.

The aralysis, witrncut pretreatment,; of a sample obtained from the
Chastain Park Lake gave ar iron concentration of 9 X 10°° F (0.5 ppm).
Standard additiorg of copper, Sin, lead, cadmium, zinc, and manganese re-

sulted in well defixed ac waves. The perchlaoric acid-nitric acid pre-
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treatment procedure was ot applied to this sample,

The appearance of a gample obfained from the South River suggested
that a rather high concentration of soaps and detergents might be present,
and therefore, possible izterferernce by surfactants was suspected. How-
ever, well defined ax waves with heights linearly proportional to metal
ior concentrations were ob*ained upon the standard additions of antimony,
tin, and cadmium. The sample was fournd to contain iron in a concentrabtiown
of 2 x 10°° F (1 ppm}; ne cther metals were found. The pretreatment pro-
zedure was not applied te Tthis sample.

in =zddition to the zabtural water samples outlined above, some
samples common to irdussrial processes were cbiained and analyzed.

A sample of effluert whick is normally discharged directly inte the
Flint Eiver was obtained from the Delta Alrlines Flating facility in
Atlarta. This gample was found 1o corntain small concenirations of metals.
Wher. the sample was arnalyzed without pretreatment, concentrations of

x 1077 T (0.06 ppm} cadmium, 7 x 10 ° F (0.4 ppm) nickel, and 1 x 10°°

T

|+

(C.6 ppm) iror were Iound. All of these concentrations are very close
te the detection limit of +the method. BStandard additions of lead and zinec
resulted ir well defized waves. When the perchloric acid-nitric acid
prefreatment procedure was applied to this sample the following results
were cbtaired. Two huzdred and fifty ml of sample were used and the final
volume in the polarcsraphic cell was 50 ml; this represents a fiivefold

polarograms obtained from the cell solution

(3

concentration step. The &
gave results of 3 X 10 ° F cadmium, 2 X 10 ° F lead, and 7 X 10°° F
zopper; this corresponds to 6 x 1077 F (0.07 ppm), 4 x 1077 F (0.08 ppn),

ard 1 X 10°° (0.06 ppm) cadmium, lead, and copper, respechively, in the
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original 250 ml of sample. Of these metals, cnly cadmivm was found when
ac polarograms were recorded on the sample without the concentration step.
Mickel and iron were no* analyzed for following the pretreatment procedure
gince they are both pclarographically inactive in the resulting solution.
When an irdus®trial waste sample, alsc obtained from Delta, was
aralyzed without pretreatment, a copper concentration of 9 X 10°° ¥ (0.6
ppm) wag fourd. The applization of the pretreatment procedure using 250
ml cf sample arnd a firal volume ir the polarographic cell of 50 ml, again
a fivelold concentration step, gave the following results. Concentrations
of 3 X 10°© F cadmium, 1 X 10°° F lead;, and 2 X 10°° F copper were found
in the 5¢ ml cell solutions; this corresponds to concentrations of 6 x 10 7
(.07 ppm) cadmium, 2 x 107 (0.04 ppm) lead, and L x 10°° F (0.2 ppm)
copper irn the original 250 ml of sample. Ornly copper was found when ac

polarograms were recorded withcu® the pretreatment concentration step.
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