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TRACE ANALYSIS BY CHEMICAL AND 

ELECTROCHEMICAL STRIPPING 

Harold Arthur Vincent, Ph. D. 

The University of Arizona, 1964 

Director: Dr. Edward N. Wise 

A new trace analytical method is described. The 

basis for the method is that the rata of oxidation of an 

amalgam drop electrode under open circuit conditions is 

dependent on the rate of mass transfer of the oxidant to 

the electrode surface. The rate of mass transfer under 

constant stirring conditions is dependent upon the bulk 

solution concentration of the oxidant. The time necessary 

for the chemical stripping process to be complete for a 

particular amalgam is usually the same as the anodic 

"transition time" from the potential-time curve measured 

after the electrolytic circuit has been opened. 

Instrumentation was developed to measure auto-* 

matically the transition times and eliminate subjective 

evaluation by using preset voltage trigger levels for the 

beginning and ending of the transition time with an elec

tronic counter providing the time readout. 

A plot of the transition time for amalgam potential 

decays versus the logarithm of the concentration of the 

xii 



oxidant is linear for oxidant concentrations between lO""* 

and 10-7 molar and this linearity is the basis for the new 

analytical method. 

Uranyl ion was used to elucidate the experimental 

parameters for the method in general because of the favor

able energetics for its reactions with cadmium and zinc 

amalgams. Application of the method to the determination 

of ur*anyl ion in the 10" to 10" 7 molar concentration range, 

using its reaction with the cadmium amalgam electrode,was 

shown to be feasible with a standard deviation of +0.1 unit 

of logarithm of concentration of uranyl ion for a single 

determination. 

Application was made in 0.1 molar potassium chloride 

solutions to the determination of europium(III) by means of 

its reaction with the zinc amalgam drop electrode. Only 

the first part of the potential-time plateau characteristic 

of zinc amalgam decay can be used for this analysis. The 

latter part of the decay curve is affected by an interaction 

of the europium(III)/europium(II) electrode couple at higher 

concentrations of europium. Determinations can be made in 

the 10"^ to 10"7 molar concentration region with a standard 

deviation for a single run at +0.2 unit of logarithm of con

centration of europium. Ytterbium(III) and samarium(III) 

do not interfere. 
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The lower limit for this technique is due to the 

reaction of reducible solution impurities, including 

dissolved oxygen. The upper limit results from a competi

tive electrochemical poising process. At the higher con

centrations of the oxidant species (>10~^ molar), some of 

the reduced form exists after the pre-electrolysis period. 

This electrode couple is strong enough in its electrode 

poising ability that on opening the circuit the potential 

changes from its overpotential value to the value character

istic for this couple without displaying the potential-time 

plateau characteristic for the amalgam species. A quanti

tative treatment of this phenomenon was made using the 

exchange current densities for the various species as a 

1 measure of their relative electrode poising abilities. 

Attempts to apply this technique to the determina

tion of ytterbium and samarium by using sodium and lithium 

amalgams in N,N-dimethylformamide solutions were unsuccess

ful. The amalgams were not stable in this solvent because 

of a pHp^ dependent reaction of the amalgam with either 

the solvent or some decomposition product. The polarography 

of ytterbium, europium and samarium in DMF is described. 

The quantitative determination of small quantities 

of alkali metals in DMF solutions by the method of linear 

scan voltammetric stripping was developed. A separation 

is necessary to determine individual alkali metals, except 

lithium, when they occur in mixtures. 
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From the exchange current density data for the 

zinc-amalgam electrode system and from experiments with 

trace solutions of zincs the limiting sensitivity for the 

zinc determination by the current-step stripping method 

was calculated. The limiting sensitivity is that for open 

circuit measurements. In the absence of competitive elec

trode poising processes» the exchange current density for 

the zinc amalgam electrode system in 0.1 molar potassium 

-9 2 chloride must exceed 10 amp/cm in order for the transi

tion time plateau to be observed on the potential-time 

-9 curve. Zinc can be determined down to 10 molar by the 

current-step method if a minimum of 8 ml solution-is used. 
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CHAPTER I 

INTRODUCTION 

Recent improvements in methods for the production 

of high purity lanthanide elements have created a need for 

analytical techniques to measure the presence of these 

elements at both macro and trace levels. 

The purpose of the present work was to investigate 

the application of electrochemical stripping analysis to 

the quantitative determination of traces of lanthanide 

elements in solution. 

Electrochemical stripping analysis was first used 

more than thirty years ago by Zbinden (1931) as a trace 

analytical method. Within the last decade interest in 

stripping analysis has increased greatly. This resurgence 

of popularity is due partly to refinements in measuring 

devices and microelectrodes but mostly because of the demand 

for methods of trace analysis. Recent literature shows that 

such methods can be used for quantitative analysis of metal 

_9 solutions as dilute as 10 molar in the metal of interest 

and with as little as a drop of that solution. 

Electrochemical stripping methods employ a deposition 

step and a reversal step with the analytical measurement made 

on the reversal step. The deposition step provides the 

1 
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micro working electrode with a relatively high concentration 

of the sought-after species. On the reversal or electro-

dissolution step the faradaic current is greatly enhanced 

relative to the current expected for the direct voltam-

metric process using the same solution. The capacitance 

current is not enhanced so that the increase in current 

efficiency for the faradaic process accounts for the high 

sensitivity gain. 

The pre-electrolysis step is almost always carried 

out at controlled potential under constant stirring condi

tions with the potential selected on the limiting current 

plateau for the sought-after species. A short time after 

the beginning of electrolysis the current flow through the 

system usually reaches a constant value or, because of the 

stirring effects, oscillates about a constant average value. 

This value remains the same during the course of the deposi

tion step since the solution composition changes only negli

gibly during that time. The time that it takes for the 

current value to become constant on electrolysis is generally 

short with respect to the total electrolysis time and is 

reproducible so that the amount of the species deposited 

in a given time is also reproducible. This is a necessary 

condition in order that the response will represent the 

concentration of the species in bulk solution. Only a small 

fraction of the total sought species in solution is deposited 

on the microelectrode even for long electrolysis times of 

more than an hour if the solution volume is adequate. 
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The dissolution step may be carried out in a variety 

of ways. The most common are: (1) linear scan voltammetry, 

(2) potential-step methods, and (3) current-step methods. 

Linear scan voltammetry is the stripping technique 

in which the applied voltage is changed linearly with 

respect to time and in a direction causing a reversal of 

the redox function of the electrode and dissolution of the 

deposited species. The reaction current is measured as a 

function of time. The bulk solution concentration of the 

sought species can be related to either the current-time 

integral or to the current peak height with due correction 

for a blank current-time curve in each case. 

The potential-step method involves an abrupt change, 

after pre-electrolysis, of the applied voltage so that the 

new potential is now well on the opposite side of the decom

position or equilibrium potential for the species, and dis

solution occurs rapidly. The dissolution current decreases 

exponentially with time. The concentration of the species in 

the bulk solution can be related to the current-time integral 

or to a current value after a given time has elapsed since 

current reversal. 

The current-step method involves a current reversal 

step with the dissolution current maintained at a constant 

value. The potential is measured with respect to time. When 

all of a given species determining the potential of the work

ing electrode has been removed from that electrode, the 
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potential changes rapidly toward some new stable value. 

This time of removal, called the "transition time" because 

the plateau section of the potential-time curve, which 

also bears this name, is an indication of the beginning 

and ending of the removal or dissolution process, and is 

related directly to the concentration of the sought species 

in bulk solution. This technique is also called chrono-

potentiometric stripping. 

A good review of the vafious methods and applica

tions of stripping analysis was presented by Neeb (1962). 

The first stripping analysis by Zbihden (1931) involved 

use of the current-step technique in the determination of 

copper in amounts ranging down to 10~^ molar. The technique 

has not received extensive investigation as a trace method. 

The linear scan voltammetric techniques are more 

popular. Lord, O'Neill and Rogers (1952) determined silver 

on its dissolution from platinum electrodes by recording the 

anodic current as a function of time. In a similar manner, 

Gardiner and Rogers (1953) were able to determine copper and 

zinc in dilute solutions (10~^ molar) after pre-electrolysis 

on a mercury plated platinum electrode. The current-time 

integral was used for the determinations. This technique 

becomes more difficult to use in the case of mixtures, with 

the difficulty increasing as the characteristic anodic peak 

potentials appear closer to each other. 
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Nikelly and Cooke (1957) showed that the peak height 

of the anodic current-Voltage curve could be used for the 

quantitative measure of cadmium, thalitim, lead and copper as 

long as the same linear voltage scan rate was used for the 

standards and the unknowns. Solutions of those metals in 

-4 -8 the 10" to 10" molar range were analyzed successfully. 

An inverted mercury capillary electrode with the mercury 

surface leveled to the top of the capillary was used as the 

working electrode in order to avoid excessive losses of the 

reduced metals by diffusion into the mercury column. 

Demars and Shain (1957) described the utility of the 

hanging mercury drop electrode (first described by Gerischer, 

1953) with the linear scan voltammetric method in the deter

mination of cadmium, zinc and thalium. The peak heights were 

used in that work for the final determination. Pre-electrolysis 

times were approximately 5 minutes for 10"^ molar cadmium solu-

- 8  tions and 15 minutes for 10" molar cadmium solutions. More 

recent applications of the hanging drop electrode and anodic 

stripping voltammetry include the simultaneous determination 

of tin and indium by Demars (1962) and the determination of 

tin by Phillips and Shain (1962). 

Stripping analysis is not limited to metals but the 

ability to form a deposit which can be electrochemically 

removed is mandatory. Cathodic stripping of iodide and 

chloride after deposition on a silvet" electrode has been 
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described by Shain and Perone (1961) using both the linear 

scan voltammetric and potentiostatic techniques. 

An oscillographic method utilizing the change in 

potential with time as a function of the potential was 

applied by Kalvoda (1957) to determination of traces of 

copper, tin, bismuth, cadmium, indium, lead, thalium, zinc, 

barium, strontium, sodium, potassium, and ammonium ions. 

The depth of the incision on the response curve was propor

tional to the bulk solution concentration of the related 

-5 -9 
metal ion., Solutions were analyzed in the 10 to 10 

molar range. Using a small mercury pool as the microelec-

-8 -9 
trode, a five minute pre-electrolysis of 3 ml of 10" to 10 

molar solution was sufficient for detection of either copper, 

zinc, or cadmium. In solutions containing uranyl ions, the 

incision depth for cadmium or zinc was 25 to 50 per cent less 

than for a similar solution in which the same amount of uran

ium was present as uranium(IV).. The effect of the presence 

of uranyl ion on the copper a,nd lead response was only slight. 

In order to determine cadmium in a 25 ml solution where its 

concentration was on the order of 10"^ molar and uranyl ion 

- 2  
was 2 x 10 molar, a 30 minute electrolysis was necessary. 

- 8  
For a solution of 4 x 10 molar cadmium in 400 ml total 

- 2  
volume vrfiich was also 2 x 10 molar in uranyl ion, 12 hours 

electrolysis was necessary in order to get a readable incision. 

An average error of 3-5 per cent is claimed for the method. 
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Mamantov and Delahay (1957) have compared the 

sensitivity gain of the three common types of stripping 

described above, \diere the gain is that computed for the 

stripping method over the analogous direct electrolytic 

method. The tentative conclusion was made that the 

potential-step mettidd: should be the most sensitive and 

the current-step method the least sensitive. The equa

tions derived to support these conclusions were tested 

with a solution of 5 x 10"*^ molar cadmium. 

A chemical stripping method was developed along 

with an electrochemical method by Bruckenstein and Nagai 

(1961) using mecuric ion in 0.1 molar nitric acid to strip 

an amalgam containing either lead or thalium or both. 

Transition times for each of these elements were read 

from anodic chronopotentiograms. The microelectrode was 

a rotated mercury-coated platinum electrode. The lead or 

thalium in the nitric acid solution containing mercuric 

-4 ion at 5 x 10 molar was electrodeposited on the platinum 

at the same time as was the mercury giving an amalgam with 

a homogeneous distribution. Since only a small portion of 

the mercury is plated out, the concentration of mercuric 

-4 ion left in solution is virtually constant at 5 x 10 molar. 

Transition times were measured for the decay of the potential 

of the rotating electrode for both current reversal and open 

circuit conditions. The latter method proved to be the most 

sensitive. Thalium solutions in the 8 x 10"""' to 2.5 x 10"^ 
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«*»6 °7 
molar range and lead solutions in the 5 x 10*° to 2 x 10" 

range were studied. The accuracy obtained varied with +2 

to 8 per cent error for the thalium and +0.5 to 7 per cent -

error for the lead determinations. This paper by Brucken-

stein and Nagai is apparently the only reference in the 

literature for the use of chemical stripping as an 

analytical technique. 

Each of the foregoing techniques described requires 

that the element to be determined foctn an amalgam -with mer

cury or be deposited in the solid phase on an electrode and 

that the process be chemically reversible. In order to 

determine the rare earth metals in this manner they would 

have to form amalgams or be plated on an electrode from 

which they could be electrochemically stripped. Some research 

into deposition of the rare earth metals on various electrodes 

has been reported. 

McCoy (1941) and more recently, Onstott (1955, 1956, 

1959) have electrolytically produced amalgams of the lanth-

anide elements. In each case additives such as citrate and 

alkali metal ions were present. Ryabchikov, Sklyarenko and 

Stroganova (1956, 1959a,b), in a similar study, produced 

amalgams with several of the rare earth metals by electro

lysis in the presence of potassium citrate. The optimum 

conditions for amalgam formation such as pH, temperature, 

citrate to lanthanide ratio, and current density conditions 

were studied. 
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Production of samarium amalgams in N,N-dimethyl-

formamide in the absence of Additives was shown to be 

possible by Smith (1958), although conditions were used 

which would appear to be impractical for use in analytical 

determinations. One hundred milliliters of 0.8 molar 

samarium chloride solution in anhydrous dimethylformamide 

was electrolyzed for over seven hours to produce an amalgam 

whose analysis proved to be 1.517° samarium, A number of 

other products, both soluble and insoluble, were also 

produced in the electrolysis Vessel. A 100 milliampere 

current source was used with the voltage rising to about 

100 volts. Such an approach could hardly be used for analysis 

of a solution for traces, especially since the sensing system 

would be so sensitive to solution impurities. Smith also 

obtained an amalgam of samarium by reaction of the chloride 

in anhydrous dimethylformamide with added sodium amalgam. 

This too would be objectionable as an approach to obtaining 

samarium amalgam which could be subsequently stripped, 

because the sodium stripping action would tend to hide the 

smaller response due to the rs£re earth metal stripping. 

Attempts 'by the same author to obtain the metal on platinum 

cathodes under the same electrolysis conditions were unsuc

cessful. 

Earlier attempts by Cullen (1956) and Galasyn (1958) 

to obtain the metal by electrolysis of lanthanum and neodymium 

solutions in dimethylformamide were unsuccessful. Formation 
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of amalgams at the hanging mercury drop electrode for ytter

bium, praseodymium, and lanthanum in an anhydrous ethylene-

diamine-tetrabutylammonium perchlorate solution after eight 

to ten hours of electrolysis on the limiting current plateau 

has been verified by Hall and Flanigan (1963) using a quali

tative chemical test on the amalgam. 

The differences in amalgam-forming ability were 

taken advantage of by Marsh (1942, 1943) in using the alkali 

metal amalgam exchange technique to effect a separation and 

purification for some of the rare earth metals. 

In some early experimental results in the present work, 

it was found that prolonged electrolysis with the potential 

on the diffusion limited current plateau for ytterbium or 

europium, using the hanging drop electrode as the cathode, 

with europium or ytterbium in a dimethylformamide solution 
m 

with 0.1 molar tetrabutylammonium iodide as electrolyte, did 

not produce detectable anodic current on the reversal step 

which corresponded to the oxidation of the rare earth amalgam. 

From this evidence it was concluded that voltammetric strip

ping was not feasible as a trace method for the rare earth 

metals under the conditions used. 

In the course of performing the early experiments on 

chemical stripping effects on chronopotentiometric stripping, 

the transition time, corresponding to the time it takes to 

remove the amalgam-forming element from the electrode, was 
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found to be dependent on the logarithm of the concentration 
!) 

of the species doing the oxidizing. The dependence was in -

the 10"5 to 10~7 molar range for the oxidant. This depend

ence of the transition time on the oxidant concentration 

was investigated for its application to trace analysis. The 

bulk of this dissertation is concerned with the Study of 

chemical stripping parameters and the application of the 

technique to the determination of uranyl and 6uropium(III) 

ions in aqueous solutions and the attempted extension of the 

technique to other rare earth metals in the non-aqueous 

solvent, N,N-dimethylformamide (hereafter referred to as 

DMF). 

The uranyl ion was chosen for this study because of 

the position of its standard reduction potential with regard 

to the standard potentials of the amalgam-forming elements: 

cadmium, thalium, lead, and zinc. The free energy concen

trations for a reaction such as: 

U02++ + 4H+ + Cd(Hg) = Cd++ + Hg + U++++ + 2H2Q 

are favorable for it to take place spontaneously. The same 

is true for the reaction of UC>2++ with the rest of the ele

ments mentioned above. Thus uranyl ion is a good choice to 

help elucidate the chemical stripping parameters which may 

apply to other redox systems as well. 

Since a chemical stripping reaction involving ytter-

bium(III) or samarium(III) and an amalgam electrode would 
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require that the amalgam electrode would be one with such 

negative^ or cathodic potential that it would react spon

taneously with hydrogen ions in aqueous solution and pos

sibly even with water, DMF was used as the non-aqueous 

solvent in which to form the amalgam. 

DMF has a relatively high dielectric constant (36.7 

at 25°). Its vapor pressure is fairly low (3.7 mm at 25°) 

and it has a low viscosity (0.802 cp. at 25° compared to 

0.894 cp. at 25° for water). The low electrical resistance 

of its solutions plus the fact that most perchlorate and 

many halide salts are soluble in this medium make it an 

ideal solvent for electrochemical studies. 

DMF has been used by a nufliber of workers in polaro-

graphic studies of inorganic and organic materials. Given 

and Peover (1958) established that the mercury pool electrode 

in DMF is stable as a reference electrode or counter electrode 

and attributed its stability to the significant concentration 

in DMF solution of mercury complexes having high stability 

constants. 

Alkali metal salts and tetraalkylammonium salts have 

been used as electrolytes in DMF solutions. The latter have 

the advantage for voltammetry that the decomposition potential 

for the electrolyte-solvent combination is not reached until 

a potential of -2.4 volts versus the mercury pool is used. 

^"All potentials in this dissertation are written to 
conform to the Gibbs-Stockholm or IUPAC convention. 
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A major problem in working with most non-aqueous 

solvents is the effect that traces of hydrogen ions or water 

would have on the reaction of interest. Most authors doing 

electrochemistry in DMF apparently choose to ignore any pH 

problems although steps are normally taken to insure that 

the reagent is as anhydrous as is conveniently obtainable. 

An arbitrary scale for pHp^ in that solvent has been estab

lished by Tjg.ze and Schaal (1963). They also found that 

various electrodes are usable for limited regions in measur

ing pHDMF in DMF. 

Findies and Devries (1956) found that added water 

in DMF had very little effect on the polarography of tetra-

phenylborate(III) ion up to three milliliters of water added 

per twenty-five milliliters of solution. The same authors 

found that the order of addition of mercury used for the 

reference electrode made no difference with respect to the 

deaeration step. The results of the present work will show 

the effect of varying hydrogen ion concentration in DMF on 

the decay of potential of amalgam electrodes. 



CHAPTER II 

EXPERIMENTAL APPARATUS 

The block diagram in Figure 1 shows the generalized 

circuitry used for all voltammetric and chronopotentiometric 

measurements made in this study. 

Polarizine Circuitry 

The voltage source for most of the experiments was 

the Sargent Model XV polarograph or a similar voltage 

divider network with suitable dry cell batteries. When 

a fast voltage scan was required as in the case of the 

voltammetric stripping, the Model XV was modified by mount

ing a Hurst 1 rpm synchronous motor on the front panel and 

connecting it to the shaft of the polarizing bridge. This 

combination allowed voltage scan rates of 19. 2, and 3 volts 

per minute to be used. 

Three different constant current supplies were used. 

In the first a high voltage direct current was dropped 

across a very high resistance in series with the cell in 

the cell circuit. The cell resistance was much lower than 

that of the higher series resistance and the latter then 

controlled the current value. The high voltage was obtained 

14 
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Figure 1.--Block Diagram of Circuitry 
for Voltammetric and Chronopotentiometric 
Measurements. 

V voltage source 
e3 

auxiliary electrode 

c constant current source a upper beam vertical amplifier input 

E electrometer b upper beam vertical amplifier output tap 

0 double beam oscilloscope c lower beam vertical amplifier input 

T electronic timer d trigger input (timer) 

rl'r2 
relay switches f trigger circuit output tap 

el 
HMDE g electrometer input 

e2 
reference electrode h electrometer output 
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from a John Fluke Model 407 D.C. power supply. This source 

was limited in range and could not be used to get constant 

current below 10 microamperes because of the noise intro

duced into the measuring system. 

Another source used, which did not give the noise 

problem, consisted of several dry cells in series with a 

large resistance and with the cell. Very low current values 

could be obtained in this manner. The disadvantage with this 

system for application to chronopotentiometric measurements 

was that the potential drop across the cell changes with 

time and so also did the voltage drop across the series 

resistor. This meant that the current value would change 

as the potential of the working electrode changed. However 

since the main interest was in the current value for only a 

small potential range (i.e., the range for the plateau section 

of the decay curve) the average current in this range could be 

used with negligible error in calculation. Currents as low 

as 0.05 microampere were used from this arrangement. The 

Keithley Model 610 electrometer was used to monitor this 

current source. A Dynatron millimicroammeter was used to 

check the electrometer value for these low currents. 

The third constant current source, used for the 

majority of the investigations, was a John Fluke Model 351A 

constant current source. This source could be used for 

values as low as one microampere. The electronic noise 
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problem with this source was not as great as with the first 

source. The low currents used were monitored with the 

Keithley electrometer and with a Hewlett-Packard Model 

412A D.C. vacuum tube voltmeter. The latter will measure 

current down to one microampere full scale with a +27«> 

accuracy. 

The relay switches r-^ and ̂  in Figure 1 were used 

for connecting the voltage source, reversing the current for 

stripping, or for opening the polarizing circuit. When the 

latter operation was desired, generally the constant current 
i 

source was disconnected and the relays could be switched to 

the current terminals. Since the pre-electrolysis times 

used were generally greater than ten seconds, the timing for 

this step was accomplished manually with the relay circuit 

being connected or disconnected manually. For manual timing 

a Standard Electric Time Co. timer Model S-10 was used. Such 

timing could easily be automated. 

Measuring Circuitry 

The potential across the working electrode and the 

third or reference electrode was measured continuously using 

the Keithley Model 610 electrometer with input impedence of 

14 greater than 10 ohms. The output from the electrometer 

was fed into the input of the vertical amplifier of the 

upper beam of a Tektronix Model 502 double beam oscilloscope, 
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as shown in Figure 1 by the connections from h to a. The 

potential 6f the working electrode versus the reference 

electrode could thus be displayed as a function of time. 

A modification was made in the upper beam amplifier cir

cuit, as shown in Figure 2, so that the change of voltage 

of the cathode in the cathode follower circuit could be 

monitored as the input voltage to the electrometer changed. 

This tap on the cathode follower circuit was fed into the 

.. input of the trigger circuit of the Hewlett-Packard Model 

522B electronic timer. Thus the start and stop trigger 

level settings on the timer could be correlated with 

definite voltages being measured by the electrometer. 

In Figure 1 the cathode follower tap is indicated by b 

while d is the trigger input for the timer. 

The trigger circuit in the Hewlett-Packard timer 

was modified by introducing a tap as shown in Figure 3. 

The voltage between the point of the tap and ground 

changed by 2.5 volts when triggering occurred. The 

trigger tap was fed into the vertical amplifier for the 

lower beam of the oxcilloscope, as shown by the f to c 

connection in Figure 1. With the 0.5 volts/cm sensitivity 

scale used for the vertical amplifier and a 10X attentua-

tion of the input, the lower beam trace changed vertically 

by 0.5 cm of the oscilloscope face when the trigger was 

actuated. 
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+ IOOV V493 
6AU6 

to SW 10 -1F (time base trigger) 

to trigger input(H-Ptimer) 

47 K 

-I50V 

Figure 2.--Cathode Follower Circuit, Upper Beam 
Vertical Amplifier, Tektronix Model 502 Double Beam 
Oscilloscope. 

Dashed line indicates the modification. 
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V 103 
5963 

to input 

lower beam 
amplifier 0.01 pF 10 K 

Figure 3.--Timer Trigger Circuit Modifications. 

The dashed line indicates the modification made 
to the trigger circuit of the Hewlett-Packard Model 522B 
timer in order to allow the timer "off" and "on" signals 
to be represented on the lower beam trace of the oscil
loscope. 
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Photographic recording of the potential-time curves 

was accomplished using a Beattie-Coleman Mark II Oscillotron 

camera with Polaroid back. The photographs were used mostly 

for diagnostic purposes and gave rapid indication of whether 

or not the transition time potential limits (triggering 

levels) were optimum. They were especially valuable for 

analyzing complex potential-time curves. Experimental 

transition times were read from the timer and were not 

taken from the photographs in order to avoid subjective 

evaluation. Photographs were used for measuring potentials 

in the determination of exchange currents by the galvanostatic 

techniques. 

The Sargent Model XV polarograph was used conven

tionally for the polarographic measurements in DMF. For 

voltammetric stripping the modified Sargent Model XV polaro

graph was used with a Sargent multirange recorder substituted 

for the polarographic recorder. The faster chart speed of 

the MR recorder was necessary to obtain good anodic current 

curves. The faster pen speed of the MR recorder was also 

an advantage. 

Electrolysis Cells 

Two different cells were used for stripping measure

ments. The first was similar to that described by Demars 

and Shain (1957) except that it was round-bottomed and water 
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jacketed for ease in temperature control while still per

mitting use of a magnetic stirrer. The hanging mercury 

drop electrode (hereafter referred to as HMDE) was con

structed according to the directions of Demars and Shain. 

A Teflon spoon was used to catch mercury drops from a drop

ping mercury electrode capillary and to fasten the drops 

to the mercury coated platinum tip of the electrode. Refer

ence and auxiliary electrodes were introduced into the solu

tion in the cell by means of 0.1 molar potassium chloride 

salt bridges. The optimum volume for the cell was 50 ml 

although it could hold up to 100 ml. 

The second cell was a three compartment cell designed 

for smaller solution quantities and is shown in Figure 4. 

The optimum volume of the central chamber was approximately 

5 ml. It was connected to the other two compartments through 

fine glass frits. The whole cell was water jacketed for 

temperature control. The outside chambers were for the 

reference and auxiliary electrodes and had platinum wire 

inserted through the glass and into the bottom of each of 

the chambers. The wires were connected on the outside through 

mercury contact columns. Mercury pool or calomel electrodes 

could thus be used on each side. A further choice of elec

trodes was provided with silver wire inserted through the 

top as shown in Figure 4. Nitrogen for deaeration of the 

solution in the auxiliary and reference compartments was 
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Figure 4.—Electrolysis Cell. 
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Teflon plug, 10/18 

ground glass joint, 10/18 
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ground glass joint, 14/20 

HMDE 

nitrogen inlet tubing, Teflon 

nitrogen exit tubing, Teflon 

glass frits, fine 

K silver wire electrode 

L nitrogen inlet tube, glass 

M,N reference and auxiliary electrode 
chambers 

0 magnetic stirring bar 

P central electrode chamber 

Q input and output for water jacket 

R water jacket 
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passed in through the glass tube L. Nitrogen could be 

passed through or over the solution in the central chamber 

P by controlling the nitrogen going into the inlets F and 

G. The stoppers A and C were machined from Teflon stock 

to the standard taper of the joints B and D respectively. 

The nitrogen inlet and exit tubing was made from 3 mm Teflon 

rod. The Teflon plug was drilled and tapped to accept the 

6-32 thread given the rod which had also been center-drilled. 

The hanging drop electrode was made from glass and the vriiole 

assembly could be taken apart easily for cleaning. The 

glass tube L and silver wire were sealed into the Teflon 

plug with Wilhold clear epoxy glue. This was the only 

glue among several tried that would bond well with both 

glass and Teflon. The DMF used in the later experiments 

did dissolve the hardened glue. The silver wire was wound 

around the glass tube several times at the top to provide 

mechanical stability and increase the useful lifetime of 

the wire contact. The nitrogen exit tube H was connected 

to a bubble chamber providing a trap to prevent back diffu

sion of air into the central chamber. Nitrogen was allowed 

to escape ;from the outside compartment by means of a slight 

channel made on one side of the Teflon plug A. The inlets 

were all controlled by stopcocks and the nitrogen pressure 

in the system was balanced at all times to prevent the 

forcing of solution from one chamber to another. 
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It was necessary to collect and attach the mercury 

drop before the electrode was inserted into the cell. The 

drop was collected from a dropping mercury electrode capil

lary using a Teflon cup similar to that designed by Under-

kofler and Shain (1962). 

The polarographic measurements in DMF were made using 

a Sargent No. 29370 polarographic cell. The determination of 

water in DMF by the coulometric Karl Fischer method was carried 

out in the cell pictured in Figure 5. 

Miscellaneous Apparatus 

Measurements of pH were made with a Leeds and Northrup 

Model 7401 meter with the L and N No. 124138 miniature pH 

electrode assembly. The miniature electrodes worked well 

for insertion into the narrow chambers of the electrolysis 

cell. 

Controlled stirring was accomplished using a magnetic 

bar mounted on the slow speed shaft of a Bodine 1/50 horse

power motor with reducing gears. Either Heller GT-21 elec

tronic controller or a Minarik SH-14 transistorized controller 

were used to provide constant torque. The latter controller 

was preferred because of a lesser noise problem for the 

measuring system. 

A Wilkens-Anderson Lo-Temp bath was used to provide 

the constant temperature water for circulation, in the jacketed 

cells. The temperature could be controlled to +0.01°C. 
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Figure 5.--Cell for Coulometric Karl Fischer Deter
mination of Water. 

A cathode compartment with platinum wire cathode 

B central compartment between two glass frits for 
decreasing interferences due to diffusion effects 

C anode compartment with magnetic stirring bar 

D sample inlet tube 

E platinum wire anode 

F leads from the platinum electrodes used for 
end-point detection 
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A Sargent coulometric current source S-30974 was 

used in the generation of iodine for the Karl Fischer water 

determinat ion. 

Emission spectral analysis was carried out with the 

D.C. arc and a 1.5 meter grating spectrograph. Flame emis

sion analysis for the alkali metals was made with the Beck-

man Model B spectrophotometer and the Model 4020 aspirator-

burner with hydrogen-oxygen flame. 



CHAPTER III 

REAGENTS 

Water 

' Distilled water passed through an Ilco research 

model deionizing column was used for preparing all aqueous 

solutions. 

Mercury 

Mercury for the dropping mercury electrodes and the 

hanging mercury drop electrodes was purified using a Bethle

hem mercury oxidifier followed by filtration through a gold 

adhesion filter. 

Nitrogen 

Solutions were deaerated by passing nitrogen through 

them at the rate of approximately 0,5 cubic feet per hour. 

Matheson prepurified grade nitrogen, 99.996 per cent minimum 

purity was used. The typical oxygen impurity of this gas is 

8 ppm. Oxygen was removed from the gas by passing it over 

copper turnings at 450°C. The gas was cooled and saturated 

with water vapor by bubbling it through a thermostated gas 

saturation vessel at 25°C. All gas flow lines were either 

28 
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glass, vycor, tygon or polyethylene. No rubber tubing or 

connectors were used. The gas saturation device was not 

used in the DMF studies because the DMF attacks the tygon 

tubing. The copper turnings were regenerated periodically 

or as needed by passing hydrogen through the system slowly 

until the copper appeared bright again and the water vapor 

ceased to be produced in the regeneration reaction. 

Helium 

Helium gas, from the United States Bureau of Mines 

in Amarillo, Texas, and provided through the courtesy of 

Dr. Forster of the University of Arizona Chemistry Depart

ment, was passed through the same system as the nitrogen 

before bubbling through or passing over the sample solution 

The purity of this gas was not known and was used only for 

short period in a test to check if the nitrogen gas or an 

impurity in it were responsible for an anomalous response. 

In the case referred to, there was no difference in respons 

on substituting the helium for the nitrogen except that the 

helium was slower in purging dissolved oxygen from solution 

Uranyl Ion Solutions 

Stock solutions of uranyl ion were prepared by dis

solution of the weighed acetate salts, followed by removal 

of acetate by heating with concentrated nitric acid and 
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finally taking the solution to incipient dryness several 

times with concentrated hydrochloric acid in order to remove 

nitrate. The residue was dissolved in water and hydrochloric 

acid added to adjust the pH to about 2 as dilution was made 

to the appropriate volume with water. 

Stock solutions in DMF were prepared by evaporating 

a known volume of the aqueous stock solution to incipient 

dryness, dissolving the-residue in DMF and diluting it to the 

appropriate volume. 

Rare Earth Solutions 

Samarium and ytterbium oxides were obtained from the 

United Stated Atomic Energy Commission Laboratories of the 

Iowa State University at Ames, Iowa. The purity was given 

as 99.8 per cent or better. Europium oxide at 99.9 per cent 

minimum purity was purchased from Research Chemicals, Inc., 

Burbank, California. The oxides were heated overnight at 

900°C., cooled in a desiccator, and weighed portions were 

dissolved in dilute perchloric or hydrochloric acid. 

Stock solutions in DMF were prepared by evaporating 

known volumes of the perchlorate or chloride solutions to 

incipient dryness several times with water added between the 

heatings used to remove excess acid. The residue was dis

solved in DMF and diluted to the desired volume. Cokal 

(1963) encountered a great deal of trouble in attempting 
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to get rid of all the perchloric acid by a similar evapora

tion procedure in that some of the oxide -was formed before 

all of the acid was removed. It was found in the present 

study that with the chlorides it was impossible at atmospheric 

pressure to remove all of the hydrochloric acid before some 

of the insoluble oxide was formed. However, the chlorides 

could be taken to incipient dryness several times and have a 

lower level of acid left in the residue than for the corres

ponding perchlorate solutions. For this reason the chloride 

solutions were preferred to the perchlorate solutions and 

were used in preparation of the DMF solutions used for most 

of the work. Another reason for not choosing the perchloric 

acid solutions as a source for preparing DMF sock solutions 

of the rare earths was that the perchloric acid contained a 

considerable amount of sodium as an impurity. It was desir

able to control the sodium ion concentration,, even at the 

micro level. 

Spectroquality DMF was purchased from Matheson, 

Coleman, and Bell. Thomas and Rochow (1957) reviewed the 

various impurities found in DMF and suggested several methods 

for purification. Each of the methods suggested for removal 

of water from DMF involved distillation under reduced pressure 

from a drying agent. One of these methods using anhydrous 

magnesium sulfate as the drying agent was used in the earlier 
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stages of this work. When experiments showed that addition 

of water to DMF solutions had no effect on the measured 

responses, purification by distillation was not continued 

so that any enhanced decomposition, due to the higher 

temperatures, was avoided. 

DMF was analyzed for water using a coulometric Karl 

Fischer method similar to that of Meyer and Boyd (1959). 

The method and apparatus are described in the next section. 

DMF from a freshly opened three liter bottle contained 

0.020% water. Very little water was added by absorption from 

the atmosphere by the time the bottle was nearly empty if the 

bottle was capped quickly each time after withdrawal of a 

sample. DMF from a nearly empty bottle which had been treated 
.  I  

in this manner contained 0.024% water. DMF left in a 1>eaker 

open to the atmosphere overnight was found to contain 0.20% 

water. 

Other impurities which could interfere with this work 

are those species more reducible than sodium or lithium ions 

in DMF. These species and even the alkali metals including 

sodium must be removed. Removal of the latter is necessary 

in order to be able to control its concentration. Spectro

graphs analysis showed the existence of a considerable amount 

of sodium and magnesium in DMF. Flame analysis confirmed 

qualitatively that the sodium was present although quantita

tive analysis was difficult because of the erratic behavior 
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of the flame when aspirating the DMF solution. Sodium was 

analyzed for by a voltammetric stripping method which is 

described in detail in Chapter VI. The electrolytic puri

fication of DMF solutions is also discussed in that section. 

Water Determination in DMF 

The coulometric Karl Fischer method used for deter

mining water in DMF was essentially that described by Meyer 

and Boyd (1959). A three compartment cell was used and is 

shown in Figure 5. The electrolyte solution used in all 

three compartments was spent Karl Fischer reagent. The 

cathode and anode were both made of platinum wire. Two 

small platinum electrodes in the anode compartment, across 

which a constant current of one microampere was applied, 

were used in the end point detection. The potential across 

the microelectrodes rose to several hundred millivolts when 

an excess of water was present and fell to approximately 

zero when the water had been titrated with the iodine pro

duced couiometrically. During a set of runs an arbitrary 

point of the steep slope of the voltage curve was selected 

as the starting and end point. Iodine Was couiometrically 

generated at the anode by applying the output of the Sargent 

coulometric current source across the two large platinum 

electrodes. Continuous stirring assured rapid distribution 

of the generated iodine to all parts of the chamber. The 

connecting chamber was used to prevent errors caused by 
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diffusion of cathode products into the anode compartment. 

The sample sizes generally were between 100 and 1000 micro

liters. For each sample solution, volumes of different 

sizes were analyzed. This last procedure indicated whether 

a blank correction was necessary. The current used in the 

generation circuit was on the order of 5000 times that used 

in the detection circuit. The amount of water present was 

calculated from the readout of the source, which is given 

in microequivalents9 after correction for the blank, if 

necessary. One source of a blank might arise from the water 

introduced from the atmosphere. To reduce this possibility, 

the electrolysis cell, micropipets, syringes, and DMF solu

tions were placed in a dry box which was then flushed with 

dry nitrogen until the response of the indicator electrodes 

did not change with time, thus showing that no water was 

picked up from the air. Both the Karl Fischer reagent and 

DMF are hygroscopic. 

Tetraalkvlammonium Salts 

Tetrabutylammonium iodide from Eastman Organic Chemi

cals Division was recrystallized from amyl acetate or DMF for 

use in preliminary experiments. Neither of these purifica

tion methods appeared to change the response; in fact, the 

sodium content of the final DMF solution increased perceptibly 

when the recrystallized salts were used. The electrolytic 

purification mentioned above undoubtedly was most effective 
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in removing the impurities which might have come from the 

tetraalkylammonium salts used. 

Tetrabutylammonium perchlorate was prepared by slow 

addition, with stirring, of dilute perchloric acid to an 

aqueous solution of tetrabutylammonium iodide. The result

ing precipitate was washed well with cold water and recrys*-

tallized at least twice more from water. A test for iodine 

in the resulting perchlorata salt was negative. The crystals 

were dried at 150CC and were stored in a vacuum desiccator. 

Tetramethylammonium and tetraethylammonium salts, 

also from the Eastman Co., were used as purchased.. In the 

presence of any of the tetraalkylammonium salts, the drop 

fell from the HMDE when a sufficiently negative potential 

was reached. The tetrabutylammonium salts were superior in 

this respect in that a more negative potential could be used 

in its solutions before the drop fell off. Thus, the other 

tetraalkylammonium salts were not used extensively. The 

drop became elongated at a potential about 100 millivolts 

before the potential at which the drop actually fell. 

Miscellaneous Chemicals 

All other chemicals used in this study were of reagent 

grade quality unless specified in the text. 



CHAPTER IV 

ELECTROCHEMICAL AND CHEMICAL STRIPPING . 

IN AQUEOUS SOLUTION 

Since a large part of the experimental work in this 

study was done using chronopotentiometric stripping, it is 

necessary to outline the manner in which the transition-times 

were measured. The instrumental contribution to this measure

ment has been mentioned but the choice of the start and stop 

trigger potentials on the decay curves was left to the experi

menter. 

Transition-Time Measurements 

Two typical potential-time curves can be distinguished: 

one in which the potential drops off sharply when the reduced 

substance at the working electrode has been oxidized and one 

in -vriaich the potential changes only gradually with time at 

the end of the particular oxidation-reduction process. The 

two types are shown schematically in Figure 6. 

Transition-times for the case of the sharp drop-off, 

such as displayed in Figure 6 by curve A,are easy to measure 

in a reproducible fashion because the timing is triggered 

on the parts of the curve exhibiting maximum change of 

slope. The trigger levels on the potential scale could 

36 
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be moved or varied considerably with negligible error in 

the measured transition-time. The trigger levels in the 

present work were chosen arbitrarily to be on the part of 

the slope exhibiting maximum change of potential with time 

for those cases involving the rapid potential fall. 

For slower potential drop-offs such as curve B in 

Figure 6, the selection of the trigger levels is under

standably more difficult. The cause of the slow drop-off 

must be considered. This cause may be an interaction of 

some other electrode pqising species, in which case the 

potential during the latter stages of the plateau becomes 

a mixed potential. In this instance, the latter stages of 

the potential-time curves become largely dependent on the 

concentration and nature of the second electrochemical 

couple. In order to have a transition time representative 

of the bulk solution concentration of the sought species, 

the "off" trigger level potential must be chosen high enough 

to provide a transition time for the sought "species which 

is acceptably independent of the concentration of the second 

species. This potential would have to be experimentally 

determined, as was done in such instances in the present 

work. 

The nearly level portions of the potential-time 

curves are not plateaus in the true sense but have slopes 

other than zero at all times. However, they will be 

referred to as plateaus throughout the remainder of the text. 
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It is possible that the slower drop-off in potential, 

as shown in curve B of Figure 6, is characteristic of the 

species controlling the electrode potential and that a second 

electrochemical couple exerts no influence. When this is true, 

the "off" trigger level is chosen as for the sharp drop-off 

situation. As in previous examples, the trigger level must 

be determined experimentally to suit the shape of the derived 

curve. 

Formation of Cadmium Amalgam at the HMDE 

The reactions at the cadmium amalgam electrode were 

studied extensively in the present work. It is proper that 

the experimental conditions for obtaining a reproducible 

amalgam be reviewed, especially since much of the work was 

carried out in the presence of uranyl ion and other electro-

active species. 

The polarographic half-wave potential for cadmium 

in 0.1 molar potassium chloride, as tabulated by Meites (1955), 

i's -0.60 volts versus the saturated calomel electrode. This 

is -0.69 volts versus the 0.1 normal calomel electrode which 

was used extensively in the current work. An applied poten

tial of 20 to 30 millivolts more cathodic than thehalf-wave 

potential should yield a current value which is on the polaro

graphic limiting current plateau for dilute solutions. The 

limiting current range would not be expected to be much dif

ferent when using the HMDE as cathode in stirred solutions. 
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Rogers (1952) pointed out the dangers in using 

polarographic half-wave data for determining electrolytic 

deposition parameters when the conditions are much differ

ent from those under which the Half-wave data was obtained. 

When the electrolysis is prolonged, a drift in the over-

voltage due to changes in the electrode surface composition, 

may be overlooked. For cadmium amalgam formation, little 

variation would be expected as a result of overvoltage 

change, since the overvoltage for cadmium on either a 

cadmium or mercury surface is low. 

A limiting current plateau for cadmium deposition 

from a stirred 0.1 molar KCl solution was established as 

shown in Figure 7 in which the anodic transition time is 

plotted versus the potential of the HMDE. Uranyl ion was 

- 6  
present at a 10" molar concentration. A reproducible cadmium 

amalgam could be formed with potentials up to -1.0 volt versus 

the saturated calomel electrode. The increased transition 

times at more negative potentials may be the result of impuri

ties but more likely are due to interaction of sdme uranium 

species. 

The current-voltage relation for dilute solutions of 

uranyl ions in 0.1 molar KCl is shown in Figure 8. The condi

tions for obtaining this curve were the same as for the cadmium 

study in stirred solution. The final process in fcither of 

these figures is probably due to hydrogen ion interaction. 

In Figure 7 it is due to hydrogen overvoltage decay increasing 
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Figure 7.—Transition Time Versus Applied Potential for Cadmium 
Reduction in Stirred Solution. 
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the transition time and in Figure 8 an increase in current 

is caused by hydrogen evolution. 

For all experimental studies involving the formation 

of cadmium amalgam from stirred solutions, the potential of 

the mercury cathode was held at a value between -0.86 and 

-0.95 volt versus the saturated calomel electrode. The 

other interactions mentioned were not investigated further. 

Calculation of the Amount of Metal in the Amalgam 

Chronopotentiometric stripping with constant current 

is a coulometric method if the transition time is a good 

indicator for the completeness of the electrode reaction 

considered and if all the current is used for the electro

chemical reaction. The transition time is related to the 

stripping current and to the amount of metal in the amalgam 

phase by the proportionalitys 

N 
r cc^ (i) 

a 

where T is the transition time, N is the number of moles s m 

of species m electrodeposited at the amalgam electrode and 

ia is the constant applied anodic current. 

A number of factors can influence the value of T 

and these are represented by Y in equation (2). 
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vrtiere n is the number of electrochemical equivalents per 

mole of species m and F is the Faraday constant. 

If the influence of the factors represented by Y is 

constant, then the slope of a plot of 1/f versus ia is linear 

according to (3), 

d i nFN am 

Nm can be evaluated from the slope of such a graph. For 

- 8  examples in vrtiich Nm is relatively large (larger than 10~ 

moles for a hanging drop electrode of-0.05 cm radius), the 

slope is linear and passes through the origin. 

For the experiments in the present study with solutions 

-5 of zinc or cadmium at 10 molar or more dilute, the amount of 

metal deposited at the amalgam electrode after six minutes of 

electrolysis was on the order of 10"^ or I0~^ moles. In 

order to get reasonable transition time values, relatively 

low current values had to be used for stripping. The influence 

of the factors represented by Y in equation (2) become more 

important for such experiments. The intercept does not 

necessarily occur at the origin but is a function of the Y 

factors. There is a linear portion for the graphs vtfien 1/Y 

is plotted versus i . and N can be evaluated from the slope 3 ul * • 

of this linear portion. 

Figure 9 shows the type of graph obtained for the 

stripping of a cadmium amalgam formed from a 0.1 molar KC1 
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Figure 9.--Reciprocal of the Transition Time Versus the Anodic 
Stripping Current for the Determination of N^. 

A concentration of U02++ =0 

B concentration of UC>2++ = 10" "*M 

C concentration of U02++ = 1.9 x 10 oi 
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solution which was 2 x 10"^ molar in cadmium. The pre-

electrolysis time was six minutes. For the lower curve in 

Figure 9 no oxidant had been added and the amount of cadmium 

in the amalgam phase can be calculated from the linear por

tion of the curve. 

The other two curves in Figure 9 represent results 

when using solutions containing the same amount of cadmium 

ion and when the amalgam is formed using the same set of 

deposition conditions as before, except that uranyl ion has 

been added. From the slope of the linear portion of the 

middle curve, representing the response vtfien uranyl ion 

concentration was 10*° molar, it is calculated that = 

-12 -12 1.69 x 10 moles compared to the value = 1.75 x 10 

moles found in the absence of uranyl ion and calculated from 

the slope of the lower curve. The value of Y changes with 

added uranyl ion and quite radically so when the concentra

tion of uranyl ion is greater than approximately 10"^ molar 

as shown by the upper curve in Figure 9. The uranyl ion 

becomes the dominant factor in determining the transition 

time when its concentration is that high. 

No slope calculations can be made easily on the 

upper curve in Figure 9. Inspection of the figure would 

indicate that the order of magnitude of the slope of the 

upper curve is the same as for the other curves in that 

figure. 



47 

The factors influencing transition time values can 

be described at least qualitatively. For a given potential 

range used in determining the transition time, there is a 

finite time ,o'f decay of the double layer capacitance. The 

effect is to increase the transition time over that which 

would result from purely faradaic processes. This does not 

explain the deviation from linearity at the high current end 

of such plots as are shoxvn in Figure 9, since the slope of a 

curve would be expected to decrease instead of increase if 

this effect was large. 

The deviation from linearity at the high end of the 

current range may be due in part to an incomplete dissolu

tion of cadmium from the amalgam electrode before the poten

tial falls to that new value corresponding to a new process 

which can maintain the current flow. This view is substan

tiated by observations made on opening the circuit immediately 

after the potential had fallen from the value characteristic 

for the cadmium amalgam electrode. On opening the circuit 

when the higher current values were used, the potential rose 

to assume again the value characteristic of a cadmium amalgam 

electrode in equilibrium with its ions. When the lower current 

values on the straight line portion of the curve were used, 

no subsequent rise in the potential was noted on open circuit. 

The transition times for the higher current values are quite 

short and do not allow time for all of the cadmium in the 
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amalgam phase to diffuse to the surface before the surface 

concentration becomes depleted and the potential falls. 

The deviation of the curves at lower current values 

is probably due to a great extent to chemical stripping. This 

process may involve dissolved oxygen, added oxidant or impurity 

oxidant. The effect is a decrease in the anodic stripping 

time. Stirring the solution does not appear to alter the 

transition time vhich is due to the electrolytic process, 

but will affect the change in transition time which is due 

to the chemical stripping process. In the absence of stir

ring, the chemical stripping process may be neglibile in all 

but the most dilute solution and amalgam experiments. 

Another important conclusion derived from the data 

in this section is that the presence of the oxidizing species 

has no apparent influence on the quantity of metal deposited 

from the very dilute solutions. 

Variation of Transition Time with Pre-Electrolvsis Time 

The quantity of metal plated on the hanging drop 

electrode as a function of time was studied using the transi

tion time response as a measure of the relative quantity 

— 6 
deposited. Using a 10" molar cadmium solution in 0.1 molar 

KC1 the pre-electrolysis time was varied. The voltage applied 

across the HMDE and the auxiliary electrode was such that the 

potential of the HMDE during the electrolysis was -1.0 volt 

versus the 0.1 normal calomel reference electrode. This 
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corresponds to -0.91 volt versus the SCE and is on the 

limiting current plateau as determined earlier. The pH 

of the solution was about 2. 

The amalgam was stripped using various constant 

current values and the results are presented in Figure 10. 

The transition time response appears to be linear with 

respect to the pre-electrolysis time only after an initial 

time period on the order of 15 to 30 seconds. 

In the presence of 10"^ molar uranyl ion the transi

tion times were measured on open circuit for various pre-

electrolysis values. The results are shown in Figure 11 

and again there is an intercept on the time axis at about 

20 seconds. Uranyl ion at this concentration would appear 

to have a current equivalence of about 0.14 microampere 

comparing the data of the two figures. This corresponds 

to a current density of 4.4 milliamperes per square centi

meter. 

Extension of the straight portion of the lines to 

give a intercept does not imply that no deposition occurs 

during this time. If the circuit is opened after only one 

second of pre-electrolysis time the potential-time curve 

will indicate that some cadmium has been plated. It is 

likely that the linear portion of the T versus Tg curve 

occurs after the electrode has achieved an amalgam mono

layer or at least a surface homogeneous in cadmium amalgam 

composition. 
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Figure 10.--Anodic Stripping Transition Time Dependence on 
Pre-electrolysis Time for Cadmium Amalgam. 
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a 

B i = 0.14 ua 
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Figure 11.--Transition Time Dependence on Pre-electrolysis Time 
for Chemical Stripping of Cadmium Amalgam with Uranyl Ions.  
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Variation of Transition Time with PH 

The pH was varied for a solution containing 10"^ 

molar cadmium and 10~"* molar uranyl ion in 0.1 molar KC1. 

The effect on transition time is shown in Figure 12. 

The lowest pH value for occurrence of hydrolysis 

of uranyl ion, present in solution at 10~^ molar, is 

indicated by a survey of literature values for stability 

constants to be approximately pH = 5 (see Bjerrum, Schwarzen-

bach and Sillen, 1958). Only one pH value above this theor 

retical limit tfas used experimentally and it is not shown 

on the graph since the transition time value was very high 

and off scale. This result indicates that U02++ was not 

acting as an effective oxidizing agent at' the higher pH. 

This is the result expected. 

The lower pH region was of greater interest in the 

present study. The solutions were not buffered but were 

adjusted to pH values of about 2 in order to avoid hydrolytic 

reactions for cases vriien larger quantities of some more hydro-

lizable species were present. The lower practical limit for 

the pH range in the experiments used was about 1.7. Most of 

the splutions used in this work were adjusted in pH value to 

about 2.1 so that mixing them did not cause much variation 

in pH. Hydrochloric acid was added to adjust the pH, 
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Figure 12.--Variation of Transition Time with pH. 
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Temperature and Mercury Drop Size and Reuse Considerations 

for Reproducibility 

An increase in temperature would be expected to 

cause an increase in the rate of reaction for any of the 

reactions considered here. However, the assumption has 

been made that the pre-electrolysis and chemical stripping 

are both diffusion limited processes. If the same assump

tion holds at higher temperatures then the rate of supply 

of the amalgam forming element to the cathode in the pre-

electrolysis would be altered by temperature change as would 

the rate of supply for the oxidizing species. The rate of 

supply increase for elevated temperatures would be due to 

the increase in diffusion because of lower viscosity at the 

higher temperatures. Limiting current at the dropping 

mercury electrode ihcreases about 27o per degree rise in 

temperature while for a plane platinum electrode the increase 

is about 47» per degree (see Potter, 1956, p. 209). 

The effect of temperature change on the chemical 

stripping of cadmium amalgam with 10"^ molar uranyl ion is 

shown in Figure 13. The amount of cadmium plated into the 

amalgam would be expected to increase with temperature increase 

but apparently the effect on the supply of the oxidizing agent 

is greater. The relative effects are functions of the concen

tration of both species and of the time of electrolysis. In 

order to avoid any additional variables in the present work 

the determinations were all carried out at 25.00°C. +0.01°C. 
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Figure 13.--Transition Time Dependence on Temperature. 
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Figure 13 serves to. illustrate the magnitude of error that 

could result if the temperature was not controlled. 

A rigorous analysis of limiting Currents in the case 

of turbulent flow is difficult but some generalities concern

ing this problem have been discussed by Delahay (1954, p. 233). 

The limiting current depends on the geometry of the cell. In 

general, the current is not proportional to the area of the 

electrode but is proportional to the concentration of the 

substance being reduced or oxidized at the electrode surface. 

The limiting current depends on the rate of stirring, the 

diffusion coefficient of the reacting species and the viscosity 

of the solution. 

These observations, made on macro-concentration experi

ments, do not apply well vhen working with very dilute solutions. 

For very dilute solutions the residual current is often much 

higher than the current involved in the deposition of the 

species of interest. For example, in forming an amalgam 

from a solution of 5 x 10™^ molar cadmium in 0.1 molar KC1 

the average current for cadmium deposition, calculated from 

the number of moles of cadmium plated, was only about 47# of 

the total current actually passed. Under these conditions, 

the only way that the current for cadmium deposition can be 

observed to be constant when using controlled potential is 

to measure some function such as transition time versus the 

time of electrolysis. As noted in a previous section, this 

constancy does hold well, but only after an initial time 
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period. If the current was independent of the electrode 

surface area, then for a given current, several amalgam 

concentrations could be obtained by varying the mercury 

drop size for the mercury drop electrode. 

In the present work, a solution vfoich was 10"^ molar 

in uranyl ion and 10"^ molar in cadmium was electrolyzed for 

Tg = 2 or 3 minutes using the HMDE with a series of mercury 

drops whose volume varied over a four-fold range. The transi

tion time on open circuit was found to be independent of the 

mercury drop size as noted in Table 1. This was especially 

true for the longer Tg values. 

The pretreatment of an electrode was found to be an 

important factor in a study of whether a mercury drop could 

be used repeatedly. Attempts were made to remove all traces 

of metals from a previous run by either applying an anodic 

current to the electrode or by shorting the HMDE externally 

with another electrode. In either case there was an apparent 

buildup of surface layers of calomel vdiich were not easily 

reproducible as shown by subsequent transition time measure

ments on the cadmium amalgams formed. Such an approach was 

abandoned. The pre-linear time, discussed previously for 

transition time versus pre-electrolysis curves, may be due 

to a time factor involved in breaking this surface layer. If 

traces of metal were left in the hanging drop and it was used 

again, the results did not show good reproducibility. Since 
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TABLE 1 

RELATION OF TRANSITION TIME TO DROP SIZE FOR THE HMDE 

HMDE r { sees.) 

drop size 

CM II (D 
H
 min. T =3 min. 

e 

1 21.46 33.62 

1 19.79 31.13 

1 20.04 32.64 

1 20.63 • 

1 20.90 31.26 

2 17.75 

2 19.25 

2 18.24 30.45 

2 31.17 

1 21.00 

0.5 19.33 

0.5 19.58 

0.5 30.89 

1 21.25 31.14 

0.7 30.92 

aNumber of drops from a mercury capillary with 6 
seconds drop period. Fractional drops were obtained by 
knocking the drop off prematurely at the fraction of 6 
seconds shown. 
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mercury drops of controlled size were easily obtained, a 

new one was used for each run in each set of experiments. 

The dependence of the transition time on the geometry 

of the cell has been mentioned above. In the present work, 

when the potential for deposition was on the limiting plateau, 

the results were found to be independent of the vertical 

position of the hanging drop electrode in the cell. 

Transition Time Dependence on Cadmium Concentration: 

Amalgam Composition as a Function of Cadmium .Composition 

If the controlled potential used for plating cadmium 

is on the limiting current plateau for that element, the 

faradaic current for that process and the amalgam concentra

tion are proportional to the concentration gradient of cadmium 

across the diffusion layer at the electrode surface. The 

amount plated is also proportional to the time of pre-

electrolysis as shown by the equation: 

dNr, 

dT = k̂ CCd " C°Cd^ ^ 
e 

where k = proportionality constant including such constant 

terms as electrode surface area, diffusion coef

ficient, andNernst diffusion layer thickness. 

C^^ = bulk solution concentration of cadmium 

C° = surface concentration of cadmium. 
oa 
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Since the reaction at the electrode is relatively fast, C0̂ ,^ 

is virtually zero and, 

dNr , 

~dT = k CCd ^ e 

In the integrated form: 

EL.j = k T + Constant. (6) 
Cd e Cd 

« 

Since is equal to zero at the beginning of electrolysis 

(T =0), then the constant is equal to zero. A plot of 

versus C^ for a given time of electrolysis should be a line 

passing through the origin and having a slope equal to kTg. 

Such a plot is shown in Figure 14. 

Since the transition time is an indicator of the 

coulometric titration of the cadmium in the amalgam, it too 

has a linear dependence on and thus on C^ when the same 

plating conditions are used. This shows logically ^diat was 

assumed earlier. 

From this data it is noted that both pre-electrolysis 

time and cadmium solution concentration can be varied in order 

to obtain an amalgam -which will give an optimum transition 

time value on stripping. Consideration must also be given 

to the effect of the time of pre-electrolysis on the repro

ducibility obtainable. This reproducibility would tend to 

be better for long electrolysis times. However, long elec

trolysis times might be objectionable since some of the 
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Figure 14.--Cadmium Amalgam Composition as a Function of the 
Concentration of Camium in Solution; Tg = six minutes. 
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oxidizing agent will also be reduced in the process. The 

time of pre-electrolysis must be such that only a small 

portion of the oxidizing species is reduced. 

The cadmium concentration must be high enough to 

provide enough cadmium to be reduced at the hanging drop 

electrode for an optimum pre-electrolysis time. It must 

be high enough to poise the electrode, electrochemically, 

in order for the transition time to be a good indicator for 

the beginning and ending of the coulometric process. For 

each ten-fold increase in concentration of cadmium ion the 

equilibrium potential for the cadmium amalgam/cadmium ion 

electrode is changed in the cathodic dire6tion by thirty 

millivolts at twenty-five degrees centrigrade. In order to 

enhance the teaction by separation of the equilibrium poten

tials for cadmium and the oxidant, more cadmium can be added. 

A practical limit is imposed because at higher concentrations 

such a short electrolysis time must be used that reproduci

bility will suffer. The optimum range for cadmium concentra-

— 5 —6 tion was found to be between 10~ and 10" molar for the 

conditions used in these experiments. 

The control parameters for cadmium amalgam formation 

and chemical stripping have thus proved to be rather complex. 

The factors to be considered in amalgam formation with other 

metals are similar to this case and are no less complex. 
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Transition Time as a Function of Stirring Rate 

The effect of variation in the stirring rate was 

examined briefly in order to investigate the possibility 

of inconsistencies stemming from this factor. A solution 

— 6 - 5 10" molar in cadmium and 10" molar in uranyl ion was 

electrolyzed for 2 minute periods with only the rate of 

stirring as the variable. Stirring was varied from 0 to 

277 revolutions per minute according to the numbered set

tings on the face of the Heller controller. Figure 15 shows 

the experimental results with the transition time plotted 

versus the stirrer setting. No attempt was made to deter

mine the actual rate in rpm since the geometry of the 

electrolysis cell plays an important role and the conditions 

for this parameter would have to be redetermined in any dif

ferent experimental cell. The transition time values reach 

a point after which increased stirring rate has no effect on 

the response. At much faster stirring rates a cavitation 

effect might be expected which would alter the response by 

decreasing.the amount of cadmium plated and decreasing the 

supply of oxidant to the electrode surface on the reversal 

step. 

A similar study with constant current stripping of 

zinc amalgam in the absence of any oxidizing species pro

duced a plateau in the same stirring rate range (see Figure 

23). 
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Figure 15.--Transition Time Variation with Stirring Rate. 
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If the kinetic steps in electrodeposition and electro

chemical or chemical oxidation are fast, as has been assumed, 

and the transition time is dependent upon the rate of supply, 

then the controlling factor must be either; (1) the rate of 

supply from the aqueous solution reaches a constant state 

(as would be the case if turbulent stirring prevails) or 

(2) the diffusion rate in the mercury becomes controlling 

and is equal to the rate of supply of oxidant when the plateau 

is reached. 

The latter of these two possibilities may be logically 

excluded by considering that under such circumstances the 

point of the beginning of the plateau should shift to differ

ent stirring rate values when the amalgam concentration used 

is changed. Such is not the case. Also a change would be 

expected in this point of the beginning of the plateau -viien 

different metals having different diffusion rates in mercury 

are used. This latter phenomenon would probably be more 

difficult to discover since the diffusion rates are of the 

same order of magnitude. 

It would make no difference which of these applied 

to the situation in chemical stripping when considering the 

stoichiometry of the reaction since 

~dCM(Hg) „ 
dt 

dC 

dt 
ox (7) 
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If it is assumed that the chemical oxidation step is first 

order in oxidant, then 

dC 
- k COx • «> 

Integrating, 

Ln CQx = - kt + I. (9) 

Here, t can be identified with the tau of transition time or 

the coulometric integration time for conditions of constant 

metal amalgam composition. Under these conditions, the 

variation of the transition time with the logarithm of the 

concentration of the oxidizing agent should be linear. The 

slope of such a plot would be -k/2.303 if the logarithm to 

the base ten was used. 

Transition Time Dependence on Oxidant Concentration: 

Chemical Stripping 

It was found experimentally that the transition time 

does vary directly with the logarithm of the concentration 

of the oxidant, as indication by equation (9), but that this 

is true only for a limited concentration region of the oxidant, 

Figure 16 shows the relationship for uranyl ion stripping of 

cadmium amalgam for three different cadmium amalgam concen-

_ 7 trations. The cadmium in the solution was varied from 10 

to 10"6 molar and a pre-electrolysis time of six minutes was 
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Figure 16.--Transition Time Dependence on Log Concentration 
of Uranyl Ion with Tg = six minutes. 

A Cd(II) concentration = 10~^M 
I 

B Cd(II) concentration = 5 x 10"^M 

C Cd(II) concentration = 10~^M 
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used. The potential used for the hanging drop electrode 

during the pre-electrolysis step was -1.02 volts versus 

the 0.1 normal calomel electrode. A trapped silver/silver 

chloride electrode was used as the auxiliary electrode. In 

Figure 17 the same type of plot is shown for similar strip

ping circumstances except that the cadmium concentration in 

solution was higher (2 x 10~ molar) and shorter pre-electro-

lysis times were used. The linear range on the plot does not 

appear to be affected by the changes in these parameters 

although the precision is not as good for the latter experi

ment . 

If the relationship described by equation (4) through 

(9) is approached in a more rigorous manner, similar to that 

used by Bruckenstein and Takai (1961), then the following 

equation may be written for the chemical stripping process 

described by Figures 16 and 17s 

-dN„ v -d%>„ -j 
- Cd(Hg) _ 2 _ - , q3 i ,ac° CirO 
dt ~ dt ~ iU k L U02 U0;. 

^iere k' is the heterogeneous rate constant for the reaction 

2 and is expressed in cm per second, A is the surface area in 

2 cm , and the other terms are used in the same manner as before. 

The expression for the rate of supply of uranyl ions, 

to the surface of the electrode is derived from the relations " 

governing the rate of transformation of electrolyzed species 
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Figure 17.--Transition Time Dependence on Uranyl 
Concentration for Short Pre-electrolysis Times.  

Cd(II) = 2 x 10"6M 

A Tg  = sixty seconds 

B Tg  = twenty seconds 
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«hen the current is limited by diffusion. For such a case 

the rate of transformation is given by 

dN = id. (u) 
dt n F * KLLJ 

When ' the current is limited by diffusion through the small 

diffusion layer in stirred solutions, then 

ld - nFAD = nFAD <1Z,> 

where i^ is the diffusion current, 6 is the Nernst diffusion 

layer thickness, x is the distance from the surface of the 

electrode, and D is the diffusion coefficient for the species. 

Combining equations (11) and (12) the following 

expression for the rate of supply of uranyl ion to the 

surface of the electrode is Obtained 

-dNU0 3 
2 _ 1Q AD (r „ qo \ (13^ 

dt " & ^U02 L U02; • 

Assuming that the rate of reaction of uranyl ion with the 

amalgam is very fast, and that the uranyl ion is used as it 

arrives at the electrode surface, then equations (10) and 

(13) can be equated to give 

c°„0„ C (14) 
2 k'6 + D 2 

Substituting the value for the surface concentration from 



71 

equation (14) into equation (9), one obtains 

• ̂ TJO 3 
ioW> _ (15) 

dt k' + D U02* 

This is a more rigorous expression than equation (8) and is 

more usable than equation (1) since the bulk solution concen

tration can be known vhereas the surface concentrations can 

only be estimated. If a volume term is introduced into equa

tion (15), 

~^TTO 3 
2 10 k1AD 

dt " V(k' + D) U02 ' 

Rearranging equation (16), 

(16) 

,lr, r _ lO^k1 AP ,. (m\ 
- din Cuo - v(k«+ D) dt • (17) 

Integration of (17) yields, 

, r _ . 103k'ADt , j 
1 8 U02 ~ 2.3V(k' + D) + * 

The t term here is identified with the transition time. 

This equation is identical to but more rigorously derived 

than equation (9). 

This relationship between the logarithm of the concen

tration of the oxidizing species and the transition time is 

the basis for a new analytical method for determining trace 
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quantities of non-amalgamable materials. The rest of this 

text will deal essentially with developing the applicability 

of these relationships, describing their limits and attempting 

to explain in theoretical terms \rtiy the relationships exist 

only at the trace concentration ranges. Application to 

analysis of various systems will be discussed. 

Interpretation of Transition Time-Logarithm Concentration 

Curves 

Three distinct sections of the transition time response 

curves are obvious. The center section, which shows the lin

earity of the logarithm of the oxidant concentration with 

transition time, has already been discussed. Between this 

central section and each of the other sections representing 

some predominant process is a zone of transition where at 

least tvro coincident processes affect the transition time 

measure on potential decay. These other predominant processes 

act as practical limitations on the proposed analytical scheme. 

Extension of the scheme to more dilute solutions of 

oxidant (<10~^ molar) is apparently limited by a competing 

oxidation reaction. Determination of the character of the 

limiting process is difficult. The oxidation of the amalgam 

may be due to reaction with dissolved oxygen or with some 

other impurity. That oxygen dissolved in solution can 

undergo such a process is shown readily when .studying the 

flow of nitrogen used in deaeration and the pressure required 
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in order to keep out any back flow of air into the system. 

It is difficult to acquire any quantitative data with respect 

to low level oxygen concentration. However, the response 

of the transition time versus the logarithm of the concen

tration of uranyl ion would appear as shown schematically 

in Figure 18 if the dissolved oxygen could be held at con

stant levels. In the present studies a lower usable limit 

of about 10~7 molar uranyl ion was found, which corresponds 

to either an inability to lower the concentration level of 

dissolved oxygen or to other impurities in the 10" 7 molar 

range. Consideration of the effect of impurities at this 

level provides ample reason for using very dilute solutions 

of the amalgam-forming elements in order to avoid these 

impurities. 

The cause of the effect at the high concentration 

end of the graph:is more difficult to establish. The effect 

is one due to a competitive process of a different kind than 

that discussed above. At an oxidant concentration higher 

than approximately 10'^ molar, there is no appreciable dif

ference in the response obtained vhen the amount of cadmium 

originally plated is varied. The difference in response 

for stirred and quiescent solutions is shown in Figure 19. 

Cadmium was plated from stirred solutions in both cases but 

in one case the stirring was stopped for the open circuit 

decay. No attempt was made to obtain the very long transi

tion times at more dilute oxidant concentrations for the 
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Figure 18.--Effect of Dissolved Oxygen Concentration 
on the Curves of Transition Times Versus Log Concentration of 
Oxidant. 
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Figure 19.--Effect  of  Stirring on Transit ion Time 
Response.  
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quiescent situation since convective effects preclude attain

ment of good precision. The response at higher uranyl ion 

concentrations is not dependent on stirring and indicates 

that chemical stripping is not a significant process under 

such conditions. The arrow on the figure indicates the 

transition time value obtained •vtfien no uranyl ion was present. 

It is proposed that the causal process here is one of 

competition of various electrode couples for control of the 

potential of the hanging drop electrode, and that in solutions 

-4 uhere the uranyl ion concentration exceeds 10 molar, the 

potential of the HMDE decays rapidly toward the potential of 

the uranyl/uranium(IV) couple. Before reaching the potential 

of the uranium couple, the value of the HMDE stops at a poten

tial vhich more closely represents that of the calomel elec

trode or at least a mixed potential involving the calomel 

electrode half-cell. 

The term "poising action" was used first by Clark 

(19233 to describe the electrode potential controlling 

ability of an electrochemical couple. The term "poising" 

is used here to avoid any confusion that might arise with 

acid-base buffering if the alternative term "electrochemical 

buffering" was used. 

If the uranium electrochemical couple is the source 

6f competition for the electrode poising, then the intercept 

on the logarithm of concentration axis, for the extension of 
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the linear portion of the curve, should be a function of 

that uranium couple involved. If shorter electrolysis 

times are used, then the amount of the reduced form of 

the uranium in solution would be less and the poising 

ability for the couple would be expected to be less. In 

this case the intercept should occur at higher values of 

oxidant concentration. Closer inspection of Figures 16 

and 17 indicate that this may be the case. However, data 

obtained over a wider range of values would be required to 

elucidate the process satisfactorily. 

Experiments using a much higher concentration of 

cadmium (10~^ molar) and a short pre-electrolysis time (5 

seconds) were carried out and the results are shown in 

Figure 20. The intercept values were found to occur at 

higher values of oxidant concentration as expected. 

The range of the linear portion of the curve is a 

function of the particular species involved in the competi

tion as electrode poising agents. This is shown by con

sidering the response when lead is present in varying amounts. 

In Figure 21 the intercept is found to occur at lower lead 

concentration values indicating a greater electrochemical 

poising ability for the lead couple at the mercury electrode 

than for the uranium couple. Different cadmium solutions 

were used in obtaining the data for Figures 21a and 21b but 

the same pre-electrolylsis time was used. The amount of lead 

plated into the hanging drop electrode was the same for both 
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Figure 20.--Transition Time Dependence on Log 
Concentration of Uranyl Ion with Tg = five seconds. 
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Figure 21.—Transition Time Dependence on Concentra
tion for Chemical Stripping of Cadmium Amalgam with Pb(II). 

Tg = six minutes 

(a) Cd(II) = 10~7*i 

(b) Cd(II) = 10"6M 

(c) Cd(II) = 10~7M; solution quiescent on stripping 



80 

cases with the transition times being different because of 

the different amounts of cadmium deposited. The intercept 

on the logarithm of concentration axis for lead is the same 

in both cases. The amount of lead deposited in the case of 

the longer transition time would actually be slightly higher 

than in the other case. This is because lead would still be 

undergoing deposition while the cadmium was being stripped 

since the potential of the cadmium couple would be more 

cathodic than the lead deposition potential. For the experi

ments in \rtiich higher concentrations of lead were present in 

solution, and vfaere the amount of lead deposited at the hang

ing drop electrode becomes important in affecting the transi

tion time value, the transition time is short compared to the 

six minutes pre-electrolysis time used. Thus, the amount of 

lead present in the amalgam phase is essentially the same in 

both cases. 

When stirring was not used on the decay step, th6 

intercept was found to appear at approximately the same lead 

concentration value as vhen stirring was used. This is , 

shown in Figure 21c and indicates that the flux of any ion 

to the surface is relatively unimportant for the electro

chemical poising phenomenon. This confirms the observation 

made earlier with the uranium couple as the competing electro

chemical poising agent and shown in Figure 19. 
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Zinc Amalgam Stripping; Electrochemical and Chemical 

Zinc amalgam will reduce europium(III) to europium(II). 

Prior to application of this fact and the proposed method to 

the"analysis of europium(III) by its stripping reaction with 

a hanging zinc amalgam drop electrode, a number of experiments 

were carried out in order to establish conditions for obtaining 

a reproducible zinc amalgam from very dilute zinc solution. 

The limiting current plateau for zinc amalgam formation 

under stirring conditions was established as shown in Figure 22 

by plotting the anodic transition times versus the potential 

used for the working electrode during the deposition step. 

This potential was compared to a silver/silver chloride 

reference electrode. The potentials used subsequently for 

producing zinc amalgam in this study were between -1.3 and 

-1.45 volts versus the reference electrode. 

A limiting plateau for the stirring rate was found as 

before in the case of cadmium and is shown in Figure 23. A 

stirring rate value greater than five on the scale shown was 

used for all sub sequent zinc experiments . The solution used 

to obtain the data for this plot and the previous one was 

10"*"' molar in zinc, 0.1 molar in KC1, and its pH was 2.1. 

Using the anodic transition time as a measure of the 

quantity of zinc plated out it was found that there is an 

initial period during the electrolysis in vhich very little 

zinc is plated. The duration of this initial period, as 
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Figure 22.--Limiting Current Plateau for Zinc Amalgam 
Formation from Stirred Solutions. 
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shown by Figure 24, was about a minute for solutions .10"^ 

molar in zinc. Because of this relatively long initial 

time period, a long pre-electrolysis time of six minutes 

was used for forming the zinc amalgam in most cases in the 

present work. The use of such a long time period improved 

the precision. For a pre-electrolysis time of six minutes 

under the conditions established, about 17o of the total 

zinc present in five milliliters of solution was plated out. 

The chemical stripping of zinc amalgam with uranyl 

ion, as shown in Figure 25, resembles the stripping of cadmium 

amalgam in that the uranyl concentration intercept is charac

teristic of the pre-electrolysis time and the oxidizing species 

and is independent of the type of amalgam used. In the experi

mental situation used for obtaining Figure 25, the pre-electro

lysis time was 60 seconds and the intercept found is the same 

as for cadmium amalgam stripping with uranyl ion when the 60 

second pre-electrolysis time was used. 

Cadmium ion can serve as the oxidizing agent for zinc 

amalgam. The log-linear ranges for the former ion are shown 

in Figures 26 and 27 for two different experimental circum

stances. The pre-electrolysis time for the experiment, the 

results of vrfiich are displayed in Figure 26, was 6 minutes. 

The zinc concentration was 10""^ molar in 0.1 molar KC1 solu

tion. A 60 second time of pre-electrolysis and a zinc concen

tration of ID"5 molar were used in the experiment corresponding 

to Figure 27. 
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Figure 24.--Transit ion Time Variation with Pre-
electrolysis  Time for Zinc Amalgam Decay.  
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Figure 25.--Transition Time Dependence on Uranyl 
Ion Concentration for Chemical Stripping of Zinc Amalgam. 
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Figure 26.--Transition Time Dependence on Cd(II) 
Concentration for Chemical Stripping of Zinc Amalgam; 
T = six minutes. e 
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When thalium -Was used to strip the zinc amalgam, 

under conditions otherwise identical to the second experi

ment with cadmium described above, the intercept was found 

to occur at about 4 x 10"^ molar thalium or for a ftiore 

dilute solution of oxidant then when cadmium was used as 

the oxidant. If the same amount of each of the metals were 

deposited for these similar circumstances., then the thalium 

would be considered a stronger electrochemical poising agent 

than cadmium. 

In light of the previous evidence, it becomes obvious 

that the proposed analytical method could be applied to the 

determination of those metals mentioned above and to others 

with similar characteristics. There are, however, well known 

stripping methods for elements ^lich can form amalgams readily 

and such methods are not generally subject to the interference 

inherent in the chronopotentiometric stripping method using 

chemical reaction. These other methods are more sensitive 

and require less preparation so it would not be practical 

to substitute the proposed method for amalgam-forming elements. 

For species in solution which do not form amalgams, are 

not plated out on a solid electrode, and vhich have equilibrium 

potentials for their electrochemical couples which are less 

cathodic than the value for the zinc amalgam electrode in 

equilibrium with its ions in dilute solution, then such appli

cation may be feasible and the method may be as sensitive as 
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any existing method for that species. Europium(III) is 

such a species, and it was investigated in this work. 

Zinc Amalgam Stripping -with Europium(III) 

The drop-off of the potential-time curve for the 

zinc amalgam electrode was rapid in these previously cited 

cases in which the zinc had been removed to a considerable 

extent from the electrode by chemical or electrochemical 

oxidation. The decay of potential for the zinc amalgam 

electrode is not rapid, however, in the presence of europium 

ions in 0.1 molar potassium chloride solution. 

Figure 28 shows the extremes of potential-time 

behavior for the europium and zinc amalgam couples. A 

plateau of sorts is exhibited for each of the pure systems 

at the hanging drop electrode. When both are present, the 

potential value on the nearly level portion of the curve 

is a mixed potential for most of that portion. Only the 

potential values for the first part of the potential-time 

plateau are independent of the europium concentration. 

The wide potential limits used for counting the 

transition times for zinc amalgam stripping in the previously 

cited cases cannot be used vrtien europium(III) is used as the 

oxidant. When these wide limits were used it was found that 

the transition time value increased with increasing europium 

concentration instead of decreasing as expected. 
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92 

The potential limits for counting the transition 

times may be set with the trigger-off level high enough on 

the nearly level portions of the curve so as to be free of 

the influence of the europium couple. One would be measur

ing the slope of the first part of the plateau in this case. 

This sort of measurement requires greater accuracy in repro

ducing the trigger limits than the former measurements vhere 

the slope changed rapidly at the end of the transition time. 

An automatically triggered instrument like that used in the 

present study must be very stable with time and with changes 

in temperature. 

The variation of the transition time with concentra

tion of europium(III) is shown in Figure 29. The zinc con

centration in the 0.1 molar KC1 solution was 1.2 x 10"^ molar 

and the pH was 2.1. Pre-electrolysis time was 6 minutes. 

The trigger limits were set as described above so that the 

slope of the upper part of the nearly level portion of the 

curve was measured. 

In order to insure that the change of transition time 

with increasing europium concentration was due to the strip

ping reaction and not due to an inhibition step involving 

europium, zinc was plated on the HMDE in the presence of up 

-3 to 1.2 x 10 molar europium(III) and the amalgam was stripped 

using the method of linear scan voltammetry. The same anodic 

current resulted for zinc amalgam oxidation in the presence 

of europium as in its absence. Thus, inhibition of zinc 
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Figure 29.--Transition Time Dependence on Europium 
Concentration. 
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deposition cannot be considered as a factor having any 

effect on the transition time values. 

Chemical Stripping of Zinc Amalgam in the Presence of 

Samarium and Ytterbium 

The transition time response for zinc amalgam poten

tial decay in the presence of europium ions was tested in 

the presence of ytterbium(III) and samarium(III) ions. From 

consideration of the standard reduction potentials for these 

latter species compared to that for zinc, no reaction would 

be expected. Ytterbium(I'II) added to the solution in amounts 

50 times that of the Eu(III) present and samarium(III) added 

to make its concentration 10 times that of europium(lll) were 

found to have no effect on the transition time for zinc amalgam 

stripping. This would agree with the observations of Taebel 

(unpublished observations, see Laitinen, 1942) who tried 

unsuccessfully 50 different ways, changing temperature, etc., 

to reduce ytterbium(III) with zinc amalgam. 

Precision and Accuracy for Europium and Uranyl Deteritiinations 

The determination of europium, made possible by the 

measurement of the transition time dependence on the loga;-

rithm of the concentration of europium as diown in Figure 

29, is not as precise as would be desired. The accuracy of 

the method suffers from the dependence being a logarithmic 

one as in many other trace methods. A further deterrent 

to gaining good precision in the specific case of europium 
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is the necessity of having to measure the slope of the 

readout line very accurately. Using automatic triggering 

devices, any sort of stray instrumental noise of sufficient 

magnitude may shut off the timer prematurely and without 

giving any indication that the cutoff was premature. In 

the present work the instrumental techniques were not the 

limiting factors and the slopes could be measured with most 

of the noise filtered out. Use of the triggered circuit was 

preferable to the use of readouts requiring operator selec

tion of transition time limits based on the shape of the 

potential decay curve. With these deterring factors taken 

into consideration, the method may still have merit as an 

analytical method because of its sensitivity in comparison 

with existing analytical methods for these elements. 

The least squares slope of the line shown in Figure 
I 

29 (dT/d log Cgu) in terms of seconds per unit of logarithm 

of concentration -is 121. The standard deviation of the slope 

for a single transition time determination was +24.5. The 

points graphed in Figure 29 are averages of at least three 

transition time runs on the same solution and the standard 

deviation of any of these averaged values from the least 

squares line is +11 corresponding to about 10% of a log 

unit on the abscissa. 

This can be compared with values obtained for the 

chemical stripping of zinc amalgam.with uranyl ion, under 
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circumstances \rtiere the slope of the curve has about the 

same value, namely 118 seconds per unit logarithm concen

tration. The standard deviation for a single transition 

time determination is +22.4 seconds, corresponding to a 

change on the abscissa of about +20% of a log unit. 

The results of studies of cadmium amalgam stripping 

with uranyl ion show greater precision. In a study using 

solution and plating combinations which gave transition 

times of shorter duration, a slope of 18.2 seconds per 

unit logarithm concentration was obtained with a standard 

deviation for the slope of 1.85 seconds for a single transi

tion time determination. This value would correspond to 

about +107o of a log unit on the abscissa scale this would 

represent considerably better precision than was obtained 

with the zinc amalgam. 

Indications from stripping studies of lead amalgam 

using uranyl ion are that the transition times would be 

more precisely determinable than those involving zinc amalgam. 



CHAPTER V 

INTERPRETATION OF POTENTIAL-TIME DECAY 

CURVES ON OPEN CIRCUIT 

The increase in the number of reports in the recent 

literature -which are concerned with the decay of overpoten-

tial on open circuit reflects the growth of interest in 

this approach to the study of electrode kinetics and double-

layer capacitances. Most of the literature deals with 

hydrogen cvervoltage decay at various electrodes; a number 

of reports are concerned with oxygen overvoltage decay; 

only a few deal with situations involving metals and their 

ions in solution. 

Experimental Potential—Time Curves: Electrochemical 

PoLsing Types 

Each experimental potential-time curve can be 

described in terms of one or more of the types shown 

schematically in Figure 30. The HMDE is used as the 

cathode polarized to some potential V versus an unpolarized 

reference electrode. On opening the circuit, the curve B 

would be obtained if the mertury electrode were not well 

buffered in an electrochemical sense. This type of curve 

could be ̂ obtained in a system using 0.1 molar KCl if the 

97 
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TIME 

Figure 30.—Schematic Potential-Time Decay Curves. 

A electrode is well poised at the final rest 
potential 

B electrode is not well poised during decay 

C electrode is poised momentarily at plateau 
potentials characteristic of the electro
chemical couples involved in the poising 
action 
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polarizing potential were not great enough to produce evolu

tion of hydrogen and if no mercury species were found in 

solution which might poise the HMDE. 

The decay curve, type B, can be described by equa

tions analogous to those for an equivalent resistOr-capaci-

tor network, 

\ -Vo «p r- 1-V7] <19> 
p di 

Where 7j and 7| are the respective overpotentials at 

time values t = t and t = 0 seconds, respectively. R is 

2 the polarization resistance in ohms-cm and is the 

differential capacitance of the electrical double layer 

_ 2  expressed in farads cm . Curves such as type B are used 

in the determination of double layer capacitances. 

In the case represented by curve A the potential 

decays rapidly to a value for a poised electrode. The 

extent to which the decay is affected by the poising couple 

is proportional to the poising ability of that couple. For 

a very well poised electrode, whose equilibrium potential 

lies at the bottom of curve A, the decay to that value is 

nearly instantaneous. 

In most of the experimental potential-time curves 

in the present work the final equilibrium potential appeared 

to be that for the calomel electrode. It is not necessary 

for the electrochemical couple which poised the electrode. 



100 

and caused the potential to decay more rapidly, to involve 

mercury. For example, the uranium couple used earlier in 

this study would produce a curve such as A if its concen

tration were relatively high and yet the final rest potential 

might not reach that value characteristic for the uranium 

couple at that electrode. The standard potential for the 

uranium half-cell is more anodic than that for the calomel 

half-cell. The surface of the mercury electrode is probably 

quickly covered with calomel on the anodic step. It thus 

becomes quickly poised with respect to the mercury-mercurous 

chloride half-cell and the potential never reaches that 

characteristic for the uranium couple. The final potential 

could be due in part to a mixed potential involving the two 

couples discussed. Further evidence in support of the calomel 

layer forming on the surface comes from a consideration of the 

cathodic chronopotentiogram obtained using the HMDE vfaich had 

been allowed to decay to this final rest potential and then 

equilibrate. A characteristic potential plateau was obtained 

corresponding to the equilibrium potential for the calomel 

electrode and -vifaose transition time is apparently proportional 

to the time it takes for the applied current to reduce the 

mercury(I) at the surface. A fresh mercury drop on the 

electrode has a much shorter transition time for the same 

process. The cathcidic ̂ plateau for the couple was identi

fied by anodically polarizing the HMDE in a 0.1 molar KCl 
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solution for various times. On the current reversal step, 

the cathodic transition time for that plateau was propor

tional to the anodic deposition time. 

Curve C in Figure 30 represents the potential-

time response for an electrode poised electrochemically 

by species whose equilibrium potential is more cathodic 

than that of the calomel or other final rest potential. 

The curve actually shows that two electrode poising couples 

are present and have well-separated equilibrium potentials. 

The nearly flat or plateau portions of the curve represent 

the potential of the HMDE as it is when well poised. The 

slope is not zero on the plateau and the potential contin

ually decreases with time. The species responsible for 

establishing the plateau potential need not be present in 

the amalgam or mercury phase of the electrode although the 

plateaus are better defined and transition times are more 

easily measured uiien one of the species is deposited on 

the electrode. The problems of mass transfer of the reduced 

species are different for the two cases. 

The value of the potential of the working electrode 

(HMDE) can change from the equilibrium plateau value in two 

different ways. The electrode couple may, by oxidation of 

the reduced species, lose its ability to buffer and to 

control the potential of the electrode. The potential then 

falls to a different, more stable value. Alternatively, 

the electrochemical poising capacity of some other redox 
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couple may increase relative to that of the first and 

assume control of the potential. If the potentials for 

these two competing half-cells are not well separated, a 

mixed potential may result until one becomes predominant. 

In practice, both of these mechanisms prevail to 

some extent. An oxidant added to the system, such as uranyl 

ion, both oxidizes the reduced species (amalgam in this work) 

and poises the electrode in an electrochemical sense because 

some of the reduced uranium species are also present after 

the pre-electrolysis st6p. 

In the situations mentioned earlier for the cadmium 

amalgam electrode and represented by Figures 16, 17, and 19, 

the first mechanism mentioned above is the predominant one 

vfaen the uranyl concentrations are below 10"^ molar. When 

uranyl ion concentration is greater than 10"^ molar, the 

change in potential is due to the poising strength mechanism. 

Mass transport is important in the first case and not in the 

latter. An intermediate region exists within vhich both 

mechanisms influence the shape of the potential-time curve 

and, consequently, the transition time. Similar qualitative 

arguments can be made for the cases involving the stripping 

of zinc amalgam with cadmium ion. 

Quantitative consideration of this phenomenon must 

involve the use of some measure of the electrochemical 

poisirg .ability of the electrode couple. The best measure 

of this ability is the exchange current density. 
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Exchange Current Density 

Consider the half-reaction taking place at the work

ing electrode; 

Ox + ne ^ > Red. (20) 

At equilibrium, the two opposing reactions are proceeding 

at the same rate. This rate, can be expressed in terms of 

the exchange current density, IQ. Its relationship to 

measurable quantities is given in the following development. 

The total current at 'any value of overpotential is 

equ^l to the sum of the anodic and cathodic partial currents. 

I = I_ + I+ (21) 

where I_ and I are the partial cathodic and anodic currents, 

respectively. The relationship between the cathodic and 

anodic current densities and overpotential is shown in 

Figure 31. 

The partial cathodic current for the half-reaction 

of equation (20) is given by 

I = k C° exp (22) 
- ox RT 

where k_ is the cathodic rate constant and AG* is the free 

energy of activation for the cathodic electrode process. 

It is equal to the activation energy for the similar chemical 

process less the energy contribution from the potential 

across the electrical double layer. 
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Figure 31.--Current as a Function of Overpotential. 
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AG* = AG* + anFAE c c (23) 

a is the cathodic transfer coefficient and denotes the 

fraction of the energy due to the change of potential, 

if that change is toward more negative potentials, that 

will go into lowering the energy barrier for the cathodic 

reaction. The other fraction of this energy, (1 - a)nFA , 

acts to increase the energy barrier for the anodic reaction 

when the potential change is negative with respect to the 

equilibrium potential. AG* is the free energy of activation 

for the similar chemical reaction. The relation of the 

coefficients and the energies is shown in Figure 32. The 

schematic diagram shows how equation (23) applies and also 

shows the complementary relation, 

where AG* is the free energy of activation for the anodic 
» 

electrode process. AG* is the free energy of activation 

for the chemical oxidation. (1 -- a) is the anodic transfer 

coefficient. In using the schematic diagram in Figure 32 

it must be noted that AE is negative for a change that 

increases the anodic barrier as shown by the dashed line. 

Generally, the AE in equations (23) and (24) repre

sents the change in potential from the standard or formal 

potential for the half-reaction, and the free energies in 

such cases would be the standard free energies. The 

AG* = AG* - (1 - a)nFAE + a (24) 
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Figure 32.--Schematic Relation of Transfer Coefficients and Free 
Energies. 
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overpotential, 7^ , is related to the formal potential by, 

7j = E E = E •- E" - ln^ . (25) 
M red 

For the special case of Cqx = Crecj the overpotential can 

be substituted directly for aE. 

Combining equations (22) and (23), one obtains 

-AG* 
I_ = k_C°ox exp exp " . (26) 

At equilibrium, 7} = 0 and 

-AG* 
Ic = = k-C°ox exP "rT * <27> 

Combining equations (26) and (27) 

Z- = Io exp ' (28) 

In a similar manner an expression for the partial 

anodic current is obtained. 

1+ = -!0 exP XLifi2aE7'. (29) 

The negative sign of the right hand side follows from the 

convention used previously in Figure 31 that the cathodic 

current is positive and the anodic current negative. 

The total current is found by addition of the partial 

currents as in equation (21). 
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I - I„ Cexp - exp -R°>nF 3 ] (30) 

At sufficiently large values for 7^ , the back reaction no 

longer contributes to the total current as shown in Figure 

31. At large cathodic values for 7j the second exponential 

term in equation (30) is negligible. Solution for overpoten-

tial in terms of the current density gives 

^ I0 - log I. (3D 

Equation (31) is identical to the equation first derived 

experimentally by Tafel (1905), 

f\ = a + b log I (32) 

vfaere a and b can be identified with the coefficients in 

equation (31). Here, b is the "Tafel slope" from which a 

is determined. The overpotential versus logarithm of current 

density plot is extrapolated to values of zero overpotential 

where log -I = log I. 

An analogous expression can be derived for the anodic 

overpotential-current density relation which also allows the 

determination of I as well as (1 - a), the anodic transmis

sion coefficient. 

The transfer coefficients can also be evaluated using 

the relation, 

I = nFk° C 1̂"^ Ca , (33) 
o ox red v ' 
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where k° is the formal rate constant at zero overpotential. 

Another form of this equation, used more extensively in 

Europe by Gerischer (1956) and others, is 

1 = 1 °  C ( 1 " a )  C a  j  ( 3 4 )  o ox red v ' 

where 1° has been called the "standard exchange current 

density" but more probably should be known as the "formal 

exchange current density." This expression has great utility 

in that if the exchange cutrent density is known for one set 

of concentration values it can be calculated for another. 

Exchange Current Density, Determination for the 

Zn(Hg)/Zn(II) System 

The exchange current density for the zinc amalgam 

electrode in contact with zinc ions in 0.1 molar KC1 solution 

was determined in order to attempt quantitative explanation 

of the behavior previously described, for this electrode system. 

A number of methods are available for this type of 

determination. The galvanostatic method, described by 

Gerischer (1955), was chosen because the equipment used 

in the rest of the study could be used or easily modified 

for this method. 

The galvanostatic method involves perturbation of 

a redox system, in equilibrium at an electrode, by introduc

tion of a constant current. If the system does not become 



110 

concentration polarized, and if the ohmic drop is accounted 

for, then the potential plateau, resulting after a short 

increment of time, represents the activation overpotential 

corresponding to the current passing through the system. 

The values of the activation overpotential are plotted 

against the logarithm of the current density, as described 

above, to determine I and a. ' o 

Charging of the electrical double layer consumes 

the first quantities of current and explains "the increment, 

of time before the activation potential is reached. The ' 

concentration of the species involved in the reaction at 

the electrode surface must be high enough that, at the 

current density used, the concentration in the vicinity 

of the surface does not become so greatly depleted as to 

allow a diffusion process to control the response. 

In the present work the concentration of the zinc 

in solution was held constant and the amount of zinc plated 

at the hanging drop electrode was varied by using different 

pre-electrolysis times. The amount of zinc in the amalgam 

for each of the pre-electrolysis times was determined from 

a plot of the anodic current versus the reciprocal of the 

transition time. 

Typical potential-time responses for the galvanostatic 

method using several values of constant current are shown in 

Figure 33 along with the related current density versus 
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Figure 33.--Potential-Time-Current Density Relations for the 
Galvanostatic Method. 
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overpotential curve. The figure shows the extrapolation 

used to obtain the 7| values corrected for time. 

The "Tafel" plots for the anodic process at the 

zinc amalgam electrode are shown in Figure 34. The slope 

is drawn on the linear part of the plot. At current 

densities higher than those on the linear part of the 

curve, the concentration of the zinc in the amalgam was. 

not high enough to permit the supply of enough zinc to 

accommodate the applied current. Therefore, the potential 

rose to values independent of the amalgam concentration. 

The fall-off of the logarithm of the current density at 

low overpotentials, as shown by the dashed lines, is typical 

for this kind of plot because the relation in equation (31) 

no longer applies and the back reaction must be taken into 

account. 

The average slope (d log I/d7|) for these plots is 

-0.37 nF/2.3 RT. Assuming that the anodic and cathodic 

transfer coefficients add to unity and that n = 2 for the 

zinc system, then a = 0.63. When the intercepts on the 

log I axis for these plots are plotted versus the log of 

the zinc concentration in the amalgam, the slope gives 

a = 0.63. This value is compared with coefficients for 

other systems in Table 2. 

For the zinc system the value of the "formal exchange 

0 38 2 current density" is calculated to be 10 amp cm" or 
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TABLE 2 

TRANSMISSION COEFFICIENTS FOR ZINC 
AMALGAM ELECTRODE SYSTEMS 

Electrode Couple 

Transmission Coefficient' 

d log IQ 

d ToglZn(Hg) ] 

Zn(Hg)/Zn(CN')^" 

Zn(Hg)/Zn(OH)^ 

Zn(Hg)/Zn(II)(2M Na2S04) 

0.55 

0.48 

0 . 2 8  

Zn(Hg)/ZnCOxalate)^ varies with zinc or 
oxalate concentration 

Zn(Hg)/Zrr(NH3)' 0.57 

Zn(Hg)/Zn(II)(0.1 M KC1) 0.63 

(1961). 
All values except the last are taken from Vetter 
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- 2  - 2  2.4 amp cm . This compares to a value of 1 amp cm for 

zinc in 1 molar NaClO^ solution determined by Gerischer 

_ 2 (1956) and of 0.8 amp cm for zinc in 1.0 molar KCl solu

tion as calculated from the data of Randies and Somerton 

(1952a). 

It is interesting to note that according to the 

data of Randies and Somerton there is virtually no increase 

in rate or exchange current for the zinc amalgam system 

when the environment is changed from the 1.0 molar KNO^ 

solution to the 1.0 molar chloride solution. 

In the same work it was found that the rate doubled 

#ien 1.0 molar bromide was used in place of chloride, and 

that it increased by a factor of 20 vhen KI was used. 

Since the exchange current density is not strongly 

dependent on the chloride concentration ttfien the latter is 

present in excess, no difficulties should be encountered in 

the extrapolation of the data to low zinc concentrations in 

obtaining exchange current densities. The relation in equa

tion (34) is used. If the amalgam composition is known for 

the point at which the potential begins to fall off rapidly, 

the minimum exchange current density necessary to "hold" 

the potential can be calculated. This type of calculation 

will be treated in greater detail in considering the limiting 

sensitivity of the current-step method in a later section. 

Quantitative consideration of the competitive buffering at 
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the electrode can be attempted to the extent to vhich the 

etfihange current densities are known for the system. 

Quantitative Considerations for Competitive Electro

chemical Poisine 

The zinc amalgam electrode, used for the europium 

determination described by Figure 29, contained 8 x 10" 

moles of zinc after the 6 minute pre-electrolysis. This 

is about 17o of the total zinc present in the 5 ml of 1.2 

x 10'5 molar solution used. The zinc concentration in the 

bulk solution can be considered to be virtually unchanged 

for calculation purposes. The volume of the mercury elec-

-3 28 3 trode -was taken as 10" " cm for all calculations. The 

— 6 23 
exchange current density is calculated to be 10" " amp 

- 2  cm . From experiment it is known that the characteristic 

-12 
zinc amalgam plateau will still appear when less than 10 

moles are present in the amalgam electrode at the moment 

the circuit is Opened. This is less than 0.2% of the total 

amount of zinc originally plated in the experiment described. 

-12 For the amalgam electrode containing 10 moles zinc and 

in contact with the 1.2 x 10"^ molar zinc solution, the 

-8 4 -2 calculated exchange current density is 10" * amp cm" 

For a concentration at ^aich the transition time is just 

-9 -2 at the limit of detection, IQ = 10 amp cm . This value 

can be considered the limiting value for detection under 

the experimental conditions out lined. 
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The rate constants or the exchange currents for 

the electrode reaction involving the europium(III) and 

europium(II) were not obtained in this study. If the 

assumption is made that the rates do not change appreciably 

for a change in chloride concentration from 1.0 molar to 

0.1 molar, then the value of Randies and Somerton (1952a), 

1° = lO"1-70 amp cm~^, can be used. 

From the curve in Figure 29, it appears that the 

europium couple had little effect on controlling the poten-

_ 3 tial until a concentration of aboxit 10 molar had been 

reached. If the assumption can be made that about 17, of 

the europium is reduced in the 6 minute electrolysis and 

that a is 0.5, then the calculated exchange current density 

-8 7 -2 for the europium couple would be 10~ * amp cm" . This 

might appear to be low. However, inspection of Figure 29 

shows that in the europium concentration region of about 

_3 10 molar, the transition time values level off at about 

60 seconds. The time does not go to zero, indicating that 

the stripping process is still important. 

Data is not easily obtained for the uranium poising 

system and is not so simply applied since the mechanism is 

not a simple transfer of two electrons during the reduction 

step. The reaction is probably one of reduction of uranyl 

ion to uranium(V) followed by the rate controlling dispro-

portionation reaction of uranium(V) to the IV and VI species. 



118 

The latter reaction was shown by Fischer and Dracka (1959) 

2 to be relatively fast with the rate constant kQ = 2.6 x 10 

-2 2 -1 2 mole 1 sec in 0.5 molar chloride and k =9.8 x 10 o 
-2 2 -1 mole 1 sec in 2 molar KCl. The electrochemical poising 

ability of the uranium system in 0.1 molar KCl appeared to 

be about the same as for the cadmium amalgam system under 

equivalent concentration conditions. 

A number of values for the cadmium amalgam/cadmium 

ion system have been reported in the literature but none 

were for conditions identical to those employed in the 

present work. Considerable differences in the literature 

values obtained by workers at different laboratories using 

different techniques is evident. 

The transition times for the cadmium amalgam and 

zinc amalgam electrodes are virtually the safhe vfoen equi

valent quantities have been plated at the HMDE and when the 

stripping is carried out at the same constant current. The 

current used in these cases was very low so that the limiting 

conditions approach open circuit conditions. The indication 

is thalt the exchange current densities are very nearly the 

same under these conditions. 

Using the assumption that the exchange current 

density is the same for cadmium as for zinc amalgam, some 

interesting results are obtained by considering the chemical 

stripping of zinc amalgafa electrodes by cadmium. 
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The data for Figure 26 were obtained using a 10"^ 

molar zinc solution and 6 minutes pre-electrolysis. The 

amount of zinc plated was calculated from the 1/T versus 

i data. I for the zinc electrode system was calculated a o J 

-8 83 -2 to be 10" " amp cm" . The intercept on the logarithm of 

concentration of cadmium axis was at about 10"^ molar. I 

for the cadmium amalgam electrode system at this concentra-

-6 37 -2 tion level was calculated to be 10" * amp cm" . 

The data for Figure 27 were obtained using a 

1.2 x 10~5 molar solution of zinc and 60 seconds pre-

electrolysis. I calculated for the zinc amalgam electrode 

- 7  87 -2 was 10" * amp cm . This value is higher than in the 

case above and is reflected in the higher transition tine 

-4 2 values. The intercept on the cadmium abscissa is at 10 " . 

The exchange current density at this point for the cadmium 

— 6 46 — 2 amalgam electrode was 10" " amp cm" . From these results 

it appears that a certain value of I must be exceeded before 

the cadmium amalgam electrode dominates in controlling the 

potential. Direct comparison of the I values for zinc and 

cadmium in these systems is not possible quantitatively 

since an assumption is involved in the cadmium 1° estimation. 

The assumption was made that a = 0.5 for the cadmium system. 

Very little change would be introduced if this were' in error 

because the CQx and Cre(j values were very nearly the same. 



CHAPTER VI 

VOLTAMMETRY IN N,N-DIMETHYLFORMAMIDE 

In order to extend the method of chemical stripping, 

as used in Chapter IV, to other elements in the rare earth 

group, it is necessary to form an amalgam electrode which, 

with its ions in solution, has a more cathodic potential 

than that for the species to be determined. In order to 

apply such a concept to the determination of elements such 

as samarium and ytterbium, the formal potential of the 

amalgam electrode would be so high that in aqueous.solution 

serious difficulties would arise as a result of interaction 

of hydrogen ion and the amalgam electrode. Alkali metal 

amalgam electrodes might be used in very basic aqueous 

solutions. However, the hydrolysis of the metal ions would 

provide considerable difficulty. Alternatively, a solvent 

might be used in viiich the concentration of species that 

react with the amalgam is low and vdiich has good dissolu

tion capabilities for the rare earth metal salts. DMF 

appeared to have the suitable characteristics so an investi

gation of chemical stripping in DMF was planned. Since 

formal potentials for the rare earth metals and alkali metals 

in DMF are not known, some voltammetric experiments were 

120 
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carried out on solutions of these salts in DMF. The 

experiments were designed to provide data useful for the 

consideration of possible chemical stripping reactions at 

the amalgam electrodes in DMF and of the necessary control 

parameters. 

Electrolytic Purification of DMF Solutions 

In early observations of chronopotentiometric 

decay of the sodium amalgam potential in DMF solutions, 

an impurity appeared to be present which could not be 

removed by recrystallization of the electrolyte salt, 

changing the kind of electrolyte salt, or distillation of 

the DMF. Qualitative spectrographic analysis indicated 

that sodium and magnesium were present in the DMF and that 

sodium was present in the tetrabutyiammonium iodide used 

as the electrolyte. A blank polarographic scan on the 

Bu^NI-DMF solution is represented by curve A in Figure 35. 

The potential shown is that applied to the DME versus the 

mercury pool anode. The half-wave potential of the first 

wave is at -1.08 volts versus the mercury pool anode. No 

wave appears at the half-wave potential for sodium, vfoich 

would be at -1.53 volts versus the mercury pool, according 

to the data of Brown and Al-Urfali (1958). This value for 

sodium was verified using conditions identical to those of 

Brown and Al-Urfali. Among the elements found absent by 
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the spectrographic analysis were: cobalt, nickel, iron, 

zinc, copper, cadmium, arsenic, and tin. A polarogram of 

magnesium in Bu^NI-DMF solution showed that the half-wave 

potential for that element was -1.49 volts versus the 

mercury pool anode, eliminating it as a possible impurity-

wave former. 

It was found that the current-voltage impurity wave 

at -1.08 volts could be reduced in intensity and virtually 

eliminated by using an electrolytic purification. The 

DMF-Bu^NI solution was electrolyzed in the cell shown in 

Figure 36 using a mercury pool cathode and a trapped anode 

of either silver or platinum. The latter element was used 

in most instances to avoid contamination of the solution by 

silver ion. The surface of the mercury pool cathode was 

stirred by causing a stream of nitrogen gas to bubble in 

just below the surface of the pool. The purified solution, 

after electrolysis for an optimum time period (generally 

one hour), could be removed from the cell without breaking 

the electrolysis circuit, thus preventing oxidation of the 

amalgam. Curve B in Figure 3 5 shows the residual current 

curve for the DMF solution after electrolysis for one-half 

hour at -1.9 volts versus the silver wire anode. 

The second wave in Figure 35 was not rerroved by this 

particular purification step. Probably it could have been 

eliminated if the potential applied had been adjusted to 
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Figure 36.--Electrolysis Cell for Purification of 
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more reducing values. In most cases that wave, or the 

impurity that causes it, would not interfere with the 

measuring process taking place and would not need to be 

removed. This impurity was not identified but may be 

similar to that exhibited in polarography in ethylenediamine 

with Bu^NI as the electrolyte. The impurity wave in that 

case was attributed by Bayer (1959) to the reduction of 

the tetrabutylammonium triiodide ion-pair. Bayer also 

found an impurity wave at -1.1 volts versus the mercury 

pool anode vfoich he attributed to the solvent. This impurity 

was removable by distillation. The impurity wave attributed 

to could be avoided by recrystallizing the iodide in the 

dark and keeping the solution in the dark. Both impurities 

returned with time and exposure of the ethylenediamine solu

tion to light. Similar considerations hold for the impurities 

found in DMF. The solutions used in the DMF studies were made 

from a freshly purified Bu^NI-DMF mixture. 

In order to provide precise control of sodium concen

tration in the DMF solutions it was necessary to have a trace 

analytical method for sodium in this medium. Flame photometry 

is generally quite sensitive for sodium determination but the 

DMF solution, vfaen introduced into the hydrogen-oxygen flame 

using the total consumption type atomizer-burner, appeared 

to disturb the flame such that reproducibility was impaired. 

When the DMF solution was diluted with water on a 151 basis, 
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the flame became quieter and more reproducible but the 

sensitivity was attenuated strongly. A technique of anodic 

scan voltammetry for sodium and the other alkali metals in 

DMF solution was investigated. 

Stripping Analysis for the Alkali Metdls in DMF 

The same HMDE used previously for zinc amalgam 

stripping in aqueous solutions was used as the working 

electrode in DMF solution. The mercury drops for the HMDE 

were collected under DMF. Pre-electrolysis was carried out 

at constant potential with stirring in much the same manner 

as in the aqueous situations. It was found experimentally 

that the optimum stirring range was about the same as for 

aqueous solutions. The potential was applied across the 

hanging drop electrode and one of the trapped silver wire 

electrodes, with the potential monitored between the working 

electrode and a silver wire reference electrode in the other 

compartment. The monitored potential was kept constant by 

adjusting the applied potential. The potentials necessary 

for a limiting current to be established were obtained by 

measuring transition time in stirred solutions and the 

results are shown in Figure 37 for sodium deposition. The 

potential scale in the figure is given versus the silver 

wire reference electrode, while most of the later polaro-

graphic measurements were made using the mercury pool 
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electrode which Given and Peover (1958) have found to be 

quite stable in DMF solutions. Measurements with the silver 

wire electrode indicate that it also is stable and repro

ducible in DMF-Bu^NI solutions. In this medium, it is 

about 30 millivolts more negative (cathodic) than the 

mercury pool electrode. From this consideration, it can 

be seen that the halft-wave of the stirred solution-transi

tion time-voltage curve (Figure 37) is at a value approxi

mately the same as the polarographic half-wave potential 

for sodium. 

There is very little time delay for the plating 

process to become linear for sodium deposition compared to 

dilute aqueous zinc and cadmium solutions. Figure 38 shows 

that the transition time versus pre-electrolysis time curve 

passes very nearly through the origin. 

Figure 39 shows the current-time" response for a 

Bu^NI-DMF blank -when the applied voltage is scanned in the 

anodic.direction after 6 minutes pre-electrolysis with 

stirring plus twenty seconds without stirring to allow the 

solution to become quiescent. Curve A represents the response 

when the Bu^NI-DMF solution has been purified by the method 

described above* Curves B and C are for solutions that have 

not been through the purification step. The pre-electrolysis 

potential used for obtaining,curve B was -2.0 volts and for 

curve C was -1.75 volts versus the silver wire electrode. Both of 
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these values are on the limiting current plateau for sodium 

deposition under stirring conditions. No sodium had been 

added and the response was due to sodium present as an 

impurity in the solution. In order to control the amount 

of sodium to be used in later studies the purification step 

was shown to be necessary since the impurity sodium concen

tration was in the lO-"* molar range. Changes at this range 

would be significant when attempting to keep the total sodium 

-4 in solution at the 10 molar level. Errors due to these 

changes would show in the lack of reproducibility of sodium 

amalgam formation. 

The linearity of the plot of anodic current peak 

height above background versus the sodiufri. concentration is 

shown in Figure 40 for pre-electrolysis conditions of Tg = 3 

minutes with stirring and then 20 seconds of qiiiescence 

before the linear scan. The average peak heights and 

ranges of peak height responses are shown in the figure 

for sodium concentration in the 10"^ molar region. The 

vertical lines through the average points indicate the 

ranges of deviation from the averages. The standard devia

tion for a single determination is +0.3 x. 10~^ molar. The 

relative standard deviation at 3.0 x 10"molar would thus 

be +I07o for a single determination. Better results can be 

obtained using longer pre-electrolysis times and averaging 
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several determinations. The strong possibility of chemical 

stripping occurring on open circuit makes it necessary to 

maintain the applied potential during the quiescent period. 

Sodium in an unpurified Bu^NI-DMF solution was 

determined by a graphical standard addition "technique using 

the peak heights obtained after increments of sodium had 

been added. The results are compared with results from 

flame photometric determinations in Table"3. The flame 

emission method used was also one of standard addition. 

From the data of Brown and Al-Urfali in Table 4 

for the half-wave potentials of the alkali metals, ̂ lich 

were experimentally verified in the present work, cesium, 

rubidium and potassium would be expected to be deposited 

under the same conditions as sodium and to be stripped out 

in the same voltage region on the anodic scan step. 

Typical anodic-current-voltage curves are shown in 

Figure 41 for the anodic stripping of rubidium amalgam. 

Under the conditions used in obtaining these curves the 

linearity of the peak-height versus concentration relation 

deviates at concentrations higher than about 4 x lO-"* molar. 

The pre-electrolysis time used was 6 minutes with stirring 

and 20 seconds quiescent time before beginning the anodic 

scan. 

The anodic current peaks for cesium and potassium 

appear at the same voltage,, on the applied voltage scale, 



TABLE 3 

DETERMINATION OF SODIUM BY STANDARD ADDITION METHODS 

Method Sodium (moles/liter) 

Flame emission 9.0 X 10"6 

Flame emission 8.4 X 10"6 

Flame emission 9.6 X 10-6 

Anodic stripping voltammetry 9.2 X 10~6 

TABLE 4 

HALF-WAVE POTENTIALS FOR THE ALKALI METALS IN DMFa 

Metal E 1/2(volts vs. mercury pool) 

Sodium -1.53 

Potassium -1.55 

Rubidium -1.52 

Cesium -1.53 

Lithium -1.81 

aData from Brovnn and Al-Urfali (1958). Solution 
was 0.1 molar Bu^NI in DMF. 
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as do the peaks for sodium and rubidium. No separation of 

these peaks is possible. With similar pre-electrolysis 

conditions the linear concentration range is also the same 

for all four. 

The anodic current response for the stripping of 

lithium amalgam differs from the other alkali metals as 

would be expected from the different half-wave potential 

value for that element. 

Deposition conditions for lithium at the HMDE in 

stirred solution were determined in much the same manner 

as for the zinc and cadmium depositions in aqueous solution 

except that peak height of the anodic current wave was used 

instead of the transition time as representative of the 

amount of lithium deposited. The point corresponding to 

a decomposition potential would be at about -1.55 volts 

versus the silver wire electrode in 0.1 molar Bu^NI-DMF 

solution. The limiting current plateau starts at about 

-1.85 volts versus the same reference. The potential was 

adjusted to exceed this latter value for all experiments 

involving a lithium amalgam formation. 

The anodic current-voltage scans for stripping 

lithium amalgam are shown in Figure 42 for various lithium 

concentrations. The sharp peaks on the curves appear at 

potentials characteristic of the peaks for stripping out 

the other alkali metals. The increase in the shoulder 
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height at the slightly more negative potential is due to 

increasing lithium concentration. Some sodium will appear 

with lithium as an impurity but the increase in the sharp, 

peak current at potentials less negative than the shoulder 

current, as lithium concentration is increased, is more 

rapid than would be expected from impurities alone. The 

increase is disproportionate with respect to the amount of 

sodium impurity commonly found with reagent grade lithium 

salts. 

A 5 ml solution of 5 x 10"^ molar lithium in the 

DMF-Bu^NI solution was altered by addition of 0.4 ml of 

the unpurified Bu^NI-DMF solution (the latter containing 

sodium) and a cathodic voltammogram obtained for the result

ant solution using the HMDE as the cathode. The results are 

shown in Figure 43„with the first current rise (A) represent

ing sodium reduction and the second (B) representing 

lithium reduction. The rise of the current at (C) is due to 

the reaction of the electrolyte-solvent mixture. The dashed 

line represents a blank run with no additives and with puri

fied Bu^NI-DMF solution. 

This data indicates that most of the area under the 

current-time curve is due to the lithium amalgam oxidation 

process and only a small part is due to sodium, even with 

the added sodium. 
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The height of the shoulder of the current-voltage 

wave with respect to an arbitrary measuring base has a 

linear dependence on the concentration of lithium in the 

solution as shown in Figure 44a by the line through the 

solid circles. The line through the triangles represents 

the peak response less an arbitrary background and deviates 

seriously from linearity. If the area under the total 

current-time curve is measured, the dependence on the 

bulk concentration of lithium in solution is again linear 

as shown in Figure 44b. The deviation from linearity at 

low lithium concentrations in these curves may be due to 

the arbitrary choice of measuring base not being optimum. 

If a better choice would idealize the curve, then such would 

have to be made in order to apply any sort of standard addi

tion technique to the determination of lithium in DMF solu

tions . 

Another factor that needs to be considered is the 

effect of hydrogen ions upon the stripping process. The 

samples used up to this point were usually chlorides and 

perchlorates of alkali metals and were easily rid of any 

excess acid. Werethis method to be used for determination 

of alkali metals in some other matrix from vhich the acid 

could not be completely removed before dissolution in the 

DMF solution, then the presence of acid might be a compli

cating factor. 
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This parameter was examinee! by observing the 

current-voltage response on anodic scanning after addition 

of microliter amounts of perchloric acid to a solution of 

Bu^NI in DMF vAiich contained sodium at the 10"^ molar 

level. The results are shown in Figure 45. No inter

ference with the anodic stripping process is noted until 

-4 the hydrogen ion concentration is greater than about 10 

molar, assuming that perchloric acid is essentially the 

only source of hydrogen ion and that the hydrogen ion con

centration is equivalent to that calculated from the total 

amount of acid added. From the response shown in Figure 45 

it can be seen that for higher hydrogen ion concentrations 

the function of the electrode changed at about the poirit on 

the voltage scale at which the sodium peak occurs. The 

amalgam anode quickly becomes the cathode with the cathodic 

current observed probably representing the reduction of 

hydrogen ion. 

Polarographv of Europium. Ytterbium., and Samarium in DMF 

The current-voltage responses .at the DME for these 

rare earth metal ions were determined primarily for use in 

investigating their possible reaction with an alkali amalgam 

although the polarography of each of them is interesting and 

has not appeared in the literature. 

Rare earth metal chlorides were dissolved in 0.1 

-2 -1 molar Bu^NI-DMF solution to give solutions in the 10 - 10 
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molar range for the rare earths. Attempts to use the 

perchlorate salts were not as successful because of the 

inability to remove all of the acid from the dried salts. 

The half-wave potential values were determined from a plot 

of log 7i versus potential, \dnere i is the current 
^d " 

value on the envelope of the maximum current values on the 

polarogram and i^ is the limiting diffusion current. Further 

details of this method can be found in Meites (1955, p. 95). 

No correction for the IR drop in solution was made because 

of the low resistance of the solution. 

Polarograms of the three species are shown in Figures 

46, 47 and 48. The curve for the reduction of europium at 

the DME exhibits 2 distinct waves. The first is at -0.21 

volt versus the mercury pool anode and represents reduction 

of europium(III) to europium(II). The second half-wave 

potential for europium, corresponding to reduction to the 

zero oxidation state, is at -1.52 volts versus the mercury 

pool. The maximum at the beginning of the second limiting 

current plateau, drawn in dashed lines on the figure, 

appeared in some polarograms but was eliminated by removal 

of all acid from the chloride sample before its dissolution 

in DMF. 

The polarogram for ytterbium exhibits three waves. 

The half-wave potential for the first is at -0.90 volts 

versus the mercury pool electrode and the wave represents 
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reduction of ytterbium(III) to ytterbium(II). That half-

_3 
wave potential applies to a solution of 10 molar concen

tration of ytterbium. The value shifts to -0.99 volt vrinen 

- 2  
the ytterbium concentration is increased to 1.5 x 10 

molar. The shift in this direction is a typical one for 

irreversible waves although the slope of the curve, 

log ^ versus potential of the DME, is 0.066 \<hich 

for a one electron change indicates near-reversibility. The 

second wave in Figure 47 occurs between -1.3 and -1.5 volts 

and was found to be quite sensitive to hydrogen ion concen

tration. A blank polarogram on the Bu^NI-DMF solution, to 

which hydrogen ion had been added in varying amounts in the 

form of HC1, is shown in Figure 49. It confirms that the 

wave described above is probably due to the presence of 

hydrogen ion. The slope and location of the third wave in 

Figure 47 were not analyzed because of the proximity of the 

second wave. The half-wave potential would be in the vicinity 

of -1.55 volts versus the mercury pool and would probably 

correspond to the reduction of ytterbium to the zero oxida

tion state. Also hampering such a measurement would be the 

maxima which appeared on the limiting current plateau of 

the last wave but -v^iich did not always occur at the same 

potentials. 

The polarogram for reduction of samarium at the DME 

shows three waves also. The three half-wave potentials are 
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-1.24, -1.43, and -1.54 volts. The second wave was most 

sensitive to changes in hydrogen ion concentration and 

corresponds to reduction of hydrogen ion. The other two 

waves undoubtedly correspond to reduction to the plus two 

and zero oxidation states of samarium. The reduction 

potentials for samarium shifted to more negative values 

when the concentration was increased as in the case cited 

before for ytterbium. 

The half-wave potentials, slopes of the log /. 1 .v 
; 

versus potential plots, and diffusion current constants are 

_3 summarized in Table 5. The data is for 10 molar rare 

earth solutions. 

The diffusion current constant for the reduction 

to the zero oxidation state is approximately three times 

the constant for the one step reduction in both the europium 

and samarium cases and supports the contention in the latter 

case that the final wave corresponds to reduction to the 

zero oxidation state. 

Voltammetrv of Sodium. Lithium, and Zinc in DMF 

It was necessary to find conditions under which a 

reproducible amalgam drop electrode could be formed from 

solutions containing sodium, lithium, or zinc and possibly 

other ions. Optimum conditions for obtaining sodium and 

lithium amalgams were outlined before in the section dealing 

with stripping analysis for those elements. A check on the 
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TABLE 5 

POLAROGRAPH DATA FOR EUROPIUM, 
' YTTERBIUM, AND SAMARIUM IN DMF 

Oxidation d log ~ /fi 

Element State E l/2(vs Hg) i i,/cm ' t ' 
(Product) (id - i) d 

Europium II -0. 21 0. 066 0. ,58 

II -0. 21 0. ,064 0. , 66 

0 ' - i .  52 0. ,025 1, .86 

Ytterbium II -0. 90 0. ,066 0. .73 

0 (not determined) 

Samarium II -1. 24 0. ,084 0. ,51 

' a -1. 43 0. ,080 0, .95 

0 -1. 54 0. ,100 1. ,59 

3. Assumed to be the hydrogen ion reduction wave. 
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sodium amalgam formation was made using the anodic current 

peak height versus the applied potential plot as shown in 

Figure 50. The beginning of the limiting current region 

is slightly more cathodic than in the other experiment 

referred to and may be due to higher electrolyte concen

tration or to higher sodium concentration or both. The 

Bu^NI concentration was 0.1 molar in the latter experiment 

and 0.03 molar for the experiment corresponding to Figure 37. 

The lack of precision on the plateau of the curve in Figure 

50 can be partially attributed to the difficulty in choosing 

a measuring baseline because of the different background 

currents when different, plating potentials are used. 

In the work of Brown and Al-Urfali previously men

tioned, zinc was reduced at the DME in 0.2 molar NaClO^ 

solution in DMF. The half-wave potential was -1.12 volts 

versus the mercury pool electrode for a solution 2 x 10 

molar in zinc. In the present study, using 0.1 molar NaClO^ 

-3 solution in DMF and 2 x 10 molar zinc, a half-wave poten-

tial of -1.10 volts versus the same reference was obtained. 

For more concentrated zinc solutions the waves were not 

reproducible and exhibited evidence of strong adsorption 

effects. 

. Formation of zinc amalgam in more dilute solution 

was studied. The anodic transition time variation with 

the HMDE plating potential was used to attempt to establish 
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the limiting current plateau for zinc amalgam formation 

from 10"5 molar zinc solutions. No plateau was established 

before the potential is reached for the deposition of sodium 

as shown in Figure 51. When an applied potential of -1.57 

volts was used for this dilute solution, a time delay of 

about 2 minutes was observed before the transition time 

response became linear with respect to the pre-electrolysis 

time. The time delay was shorter for more concentrated 

zinc solutions. Further attempts to form zinc amalgam 

using NaClO^ as the electrolyte were abandoned. 

_3 A polarogram of a 10 molar zinc solution in 0.1 

molar Bu^NI in DMF showed the half-wave potential in this 

medium to be -0.59 volts versus the mercury pool electrode. 

The slope of the log /. ^v e r s u s  p o t e n t i a l  p l o t  w a s  
d ~ ' 

0.097. A maximum occurs at the beginning of the limiting 

current plateau and it was sensitive to the hydrogen ion 

concentration. A limiting current plateau for this process 

under constant stirring conditions and using the HMDE as 

cathode is shown in Figure 52. The concentration of the 

zinc solutionwas 1.4 x 10~^ molar. The time delay was 

not apparent in this solution or at least is very short. 

No tiire delay was found in the cases of sodium 

and lithium amalgam formation. Reproducible amalgams 

can be formed with any of these three metals in DMF using 

several minutes pre-electrolysis time. 
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CHAPTER VII 

CHEMICAL STRIPPING IN 

N,N-DIMETHY«LFORMAMIDE 

From the data in the last chapter, a number of 

chemical stripping reactions can be predicted to occur at 

sodium, lithium and zinc amalgams in DMF solution. Euro-

pium(III) should oxidize zinc amalgam as in aqueous solu

tion., None 6-f the other rare earths should interfere. 

Both europium(III) and ytterbium(III) should be reduced 

at the sodium amalgam electrode on open circuit. Energy-

considerations are unfavorable for samarium(III) reduction. 

Europium(III) and ytterbium(III) should both be reduced at 

the lithium amalgam electrode with the possibility that 

samarium(III) would also react. Thus a scheme should be 

possible whereby all three of these elements could be 

determined by this approach, either directly or by differ

ence. 

Chemical Stripping of Zinc and Sodium Amaleams in DMF 

In order to check whether ytterbium would have any 

influence on the oxidation of zinc amalgam m DMF, micro

liter increments of ytterbium(III) chloride solution in DMF 

were added and It was found that the transition time for the 

157 
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zinc amalgam potential decay was decreased with increasing 

addition of ytterbium. The logarithmic dependency appeared 

to hold as for earlier experiments. The linear range was in 

the logarithm of 10"^ to 10**^ molar region for ytterbium and 

was the same region found for the oxidation of sodium amalgam 

upon addition of ytterbium solution as ^iown in Figure 53. 

The dependence of the potential-time responses on 

ytterbium(III) concentration for both zinc and sodium 

amalgams was found later to be only an apparent one. In 

reality it was caused by the unavoidable addition of small 

amounts of hydrogen ion when aliquots of ytterbium(III) 

stock solution were added in the experiment. Ytterbium(lII) 

does not react to any noticeable extent with either of these 

amalgams. The pH effect will be dealt with more fully in 

the next section. 

A study of sodium amalgam oxidation on addition of 

europium solution showed a transition time dependence almost 

identical to that in Figure 53. Addition of samarium to the 

solution under similar conditions had two possible effects, 

depending on the time of pre-electrolysis used. When a 

relatively short pre-electrolysis time of 60 seconds was 

used, the response noted was the same as for the addition 

of the other species tested and mentioned above. When the 

pre-electrolysis was of the order of 6 minutes, then apparent 

interaction of the samarium(III)/samarium(II) couple with the 
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sodium electrode/sodium ion couple increased the transition 

time. This latter effect was not noted for the europium or 

ytterbium species at long electrolysis times so that the 

phenomena can be attributed to the change of oxidation state 

from three to two rather than to the zero oxidation state. 

The reduction potentials of- all three species to the zero 

state are close enough that the reaction to the zero oxida

tion state had to be considered in seeking the cause of the 

interference mentioned. 

At this point in the investigation, the experimental 

problem appeared to be one of finding out what limited the 

range of the determination of the rare earth species to 

about 10"5 molar at the lower limit and to eliminate the 

interference. The transition time versus logarithm of con

centration curves appeared to be much like those obtained 

from data in aqueous solutions only that some impurity such 

as oxygen was present which was limiting the range. The 

one anomaly was the effect on the zinc amalgam decay on 

addition of ytterbium. 

The possible change of pH in the DMF solution was 

not expected to exert much influence on the transition 

time because of the low amounts of acid that would be added 

in using microliter amounts of rare earth stock solutions 

in DMF. Earlier studies had indicated that anodic voltam-

metry of sodium was not affected until the added hydrogen 
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-4 ion concentration -was approximately 10 molar. The 

amounts possible from addition in the system under study 

was of a much lower order of magnitude. However, since 

the DMF solutions were not buffered with respect to hydro

gen ions, a study of pH effects was made and the results 

are quite interesting. 

P^DMF Effects on Amalgam Potential Decay in DMF 

Teze and Schaal (1963) studied the acid-base 

properties of DMF and investigated the response of the 

glass electrode in the 0 to 12 pH range. They pointed 

out the errors due to asymmetric potential in the region 

of pH from 10 to 12. The electrode can not be used at 

higher pH values. 

In the present study the glass electrode was used 

in DMF versus an aqueous silver/silver chloride electrode 

with a salt bridge connection consisting of a water-KCl-

Bu^NI-DMF mixture. The glass electrode was immersed in a 

Bu^NI-DMF solution for at least an hour before use. No 

attempt was made to quantitatively relate these values of 

PHdMF to t̂ ie actual hydrogen ion concentration. The object 

was merely to obtain a linear response of for a series 

of experimental runs. 

Blank runs (no oxidant added) in which transition 

time was measured versus pHp^p were made for the study of 
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the potential decay of both zinc and sodium amalgam elec

trodes. The results are shown in Figures 54 and 55. The 

"3 zinc concentration was 10 molar and the transition times 

were longer than for sodium, which was 10~^ molar. At 

PHdMF values higher thari those indicated in the figures 

the values of transition time kept rising but the pH^^ 

values were uncertain and were not graphed. Values higher 

than about 12 could not be used by adjusting with ethoxide 

because a precipitate was formed. Curves representing 

transition time versus for other pre-electrolysis 

times had the same shape as that in Figure 55 but were 

spaced higher or lower on the transition time scale. 

In the sodium amalgam stripping experiments per

formed previously, using rare earth metal ions as the 

supposed oxidants, the pHp^ of the 0.1 molar Bu^NI-DMF 

solution was usually about 10 at the beginning of a run. 

It was found that the value would change by about 2 pH^^ 

units on addition of the small amounts of rare earth stock 

solution vfoen the latter was added to make the rare earth 

-4 concentration up to about 10 molar. According to the 

blank runs in Figures 54 and 55 this amount of change 

would be enough to account for the change in transition 

time even if the rare earth metal ion did not take part 

in the reaction at the electrode. To determine if the ion 

actually took part in the reaction, a solution of sodium 
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ion in 0.1 molar Bu^NI in DMF was adjusted to = 8.8. 

The pH value is not on the steeply rising portion of the 

curve depicted in Figure 55. Europium(III) was added to 

make its concentration 4.4 x 10~^ molar in the final solu

tion, with no apparent change in pHp^p. No change in the 

transition time was noted after this addition, showing that 

the europium apparently does not take part in the decay 

process under these conditions. The linearity noted 

earlier upon addition of increments of this solution 

and others was apparently due to the added hydrogen ion 

vfoich was proportional to the volume of the stock solution 

added and which gave the early false indication. 

A similar study used uranyl ion as the stripping 

agent. The P^j^r was 8.10 before and after the addition 

of the uranyl ion. A stripping action was noted in this 

case although limited to a short concentration range of 

-6 -4 5 x 10 to 10 molar in uranyl ion. 

The electrolyte in the DMF was changed in order to 

rule out the possibility of impurities from that source. 

The transition time responses with change in pH^^ for 

Bu^NC10^-DMF and LiCl-DMF solutions were similar to those 

for the Bu^NI-DMF solutions. Addition of water did not 

change the response as long as the pHpj^p did not change. 

In order to determine if the pH^^ effect was one 

involving the stripping step or the deposition step, the 
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amount of sodium plated at constant potential with varying 

P^DMF was determined. It was found that the quantity of 

sodium plated to form the sodium amalgam remained constant 

with the change in pH^^ except at low values of the latter 

(<4) vfaen the concentration of sodium in the amalgam was 

increased slightly. The slight increase might be due to 

some impurity sodium from the added acid. The decrease in 

transition time with decreasing must be a function of 

same species doing the chemical stripping on the decay step 

or, alternatively, the sodium amalgam electrode in contact 

with the solution containing sodium ions may not be able to 

poise the electrode and thus the potential falls before the 

stripping is complete. 

The exchange current density for this electrode 

system in 0.1 molar Bu^NI in DMF was determined in the same 

manner as was that for zinc. The formal exchange current 

„2 
density was found to be 180 amp cm and the cathodic trans

fer coefficient was 0.49. Compared to values in water this 

should be high enough to electrochemically "hold" the poten

tial,.barring some specific solvent effects. The possibility 

of some strongly competing electrochemical poising system 

being present in the system is rather remote. 

Further evidence of the influence of the medium on 

the decay of the amalgam potential on open circuit is noted 

in a comparison of transition times for zinc amalgams in 



167 

aqueous solutions and sodium amalgams in DMF. When the 

amounts of the metal present in the amalgam phase are about 

the same for each case and when using the same value of 

constant current for stripping, the transition time for 

the zinc situation would be expected to be twice as long 

as for sodium oxidation if the current efficiencies were 

high in both cases. 

Some results for such an experiment are presented 

in Table 6. They show that for low values of the applied 

current, the values of the transition time for sodium are 

shorter than would be expected in order to correspond to 

the stripping of the metal. The amount of metal in the 

amalgam phase was calculated from the slope of a 1/T vs i 

plot. The slope was taken at higher values of the constant 

current. The indication from the table is that something 

seriously shortens the transition time value for sodium 

amalgam potential decay when open circuit conditions are 

approached. 

Further comparison can be made for strictly open 

circuit circumstances. The decay for the sodium amalgam 

-9 drop electrode containing 1.9 x 10 moles of sodium and 

immersed in the solution 10~^ molar in sodium gives a 

transition time of about 120 seconds. For an even more 

dilute amalgam with 2 x 10~^ moles of zinc in the same 

mercury drop volume, and in contact with aqueous 10"^ 
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TABLE 6 

COMPARISON OF ANODIC TRANSITION TIMES 
FOR ZINC AND SODIUM AMALGAMS 

Anodic Transition Times for Sodium 
Amalgam at Constant Current 

i a NNa ̂ rorn iT /Fn 
DMF Solution 

r 
T expected 
from NNa* 

1 <HA) 0.83 x 10"9 moles 80 sec. 183 sec. 

3 1.46 47 61 

5 1.60 31 37 

6 1.86 30 31 

7 1.89 26 26 

9 1.96 21 20 

10 1.86 18 18 

Anodic Transition Times for Zinc Amalgam 
at Constant Current 

ia N^a from i T/nF 
Aqueous Solution 

r 
T expected 
from N., b 

Na 

2 (nA) 1.72 x 10~9 moles 166 sec. 174 sec. 

3 2.38 153 116 

5 2.10 81 70 

7 2.14 59 50 

9 1.77 38 39 

11 1.94 34 32 

3 •» 9 
Assuming NN = 1.9 x 10 mol6s as. read from 1/T 

vs. i plot. values calculated are rounded to nearest 
secona. 

b -9 Assuming NM = 1.8 x 10 moles from 1/T vs. i 
t . INcl cL plot. 
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molar zinc solution, the open circuit transition time was 

645 seconds. 

The effect on the zinc amalgam response in DMF was 

investigated using anodic scan voltammetry after deposition 

of zinc at various P^^ values with controlled potential 

electrolysis. As shown in Figure 56, the anodic current 

response decreases as the pH^j^p decreases, indicating that 

there is some P^q^ dependent inhibition of zinc deposition. 

No solution can be offered here for the identifica

tion of the interfering species except that they must be 

inherent in the DMF solvent system and need further investi

gation. At this point DMF would have to be considered 

unsuitable for this type of analytical method. 

I 
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CHAPTER VIII 

APPLICATION TO ANALYTICAL PROBLEMS: 

SUMMARY AND DISCUSSION 

Determination of Europium and Uranium 

The chemical stripping method described in this 

text is applicable to the determination of species in 

solution which are not amalgam-formers and which are not 

plated out in the solid phase but ^Aiich will oxidize a 

suitable metal species in the amalgam. The method may be 

applied to the determination of uranium and europium in 

chloride solutions over a pH range of 1.7 to 5.0 and for 

concentrations 10"^ to 10"^ molar in either the uranyl 

ion or europium(III) ion. 

The method is relatively non-specific. A number 

of species must be removed from solution before the method 

can be used. Among possible interferences would be those 

elements which form amalgams at potentials less cathodic 

than that for the formation of the amalgam used in the 

method. When zinc amalgam is used, almost all of the 

elements which form amalgams in aqueous acidic solutions 

would have to be removed. Species which would oxidize 

the amalgam but form only soluble reduced species them

selves must also be removed. An example of the latter 

171 
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case would be iron(III) in solution and an example of the 

former would be cadmium(II) in solution when zinc amalgam 

is being used. The iron species would not interfere when 

cadmium amalgam was being used for the determination of 

uranium. Presence of any of the other rare earths should 

not interfere with the determination of europium. 

The sensitivity of the method puts it in the trace 

method category. If 10~^ molar europium is considered the 

lower limit for detection and determination then the lower 

limit for a 5 ml.quantity of solution would be 5 x 10 ̂  

- 8 moles. This is 7.6 x 10" grams of europium. The lower 

limit of sensitivity expressed in terms of the solution 

weight is 15 parts per billion for europium. For uranium 

as uranyl ion the sensitivity on this basis would be about 

24 parts per billion. The sensitivity on a sample weight 

basis would be dependent on the solubility of the sample. 

The sensitivity for europium compares favorably with that 

of 12 parts per million reported by Skogerboe and .Woodriff 

(1963) using atomic absorption spectroscopy. 

The standard deviation of the method for europium 

is +0.2 unit logarithm of concentration for a single deter

mination. This technique requires a great deal of care, 

as do most trace techniques, and would not be suitable for 

routine analysis of trace levels in the hands of an inex

perienced analyst. 
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The determination of uranyl ion by this method is 

more precise, when the cadmium amalgam drop electrode is 

used, with the standard deviation for a single determination 

being +0.1 unit logarithm of concentration. A lead or thalium 

amalgam could be used in uranyl determinations. Fewer pos

sible interfering species need be considered when using these 

amalgams. 

Limit of Sensitivity for Chronopotentiometric Stripping 

The plateaus on the potential-time curves represent 

the potentials, as calculated from the Nernst equation, for 

the electrochemical couples involved. The limit of sensitivity 

for a given element is reached when the corresponding plateau 

is barely discernible. The sensitivity of the current-step 

or chronopotentiometric stripping method varies with the 

identity of the substance deposited. For anodic stripping 

of amalgams, the amounts of metal present in the amalgam 

and solution phases in order to register the minimal transi

tion time for detection differ depending on the electrochemical 

couple involved. The sensitivity is dependent on the electro

chemical poising ability of the species involved. This 

latter ability is related to the exchange current density 

as was pointed out in Chapter V. 

Consider again equation (34), 

1 = 1 °  C ^ 1 " ^  C a  ,  .  ( 3 4 )  
o ox red 
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There are certain limiting values of CQx and Crg^ which 

under a given set of solution conditions will give the 

minimum value necessary for I so that this couple will 

control the electrode potential. The limiting value of I 

should be the same for any electrode couple in the absence 

of another couple having an I value high enough to compete 

for control of the potential. 

In Chapter V the minimum value for I required for 

zinc amalgam electrodes to control the potential for a short 

- 9 -2 time was shown to be I = 10 amp cm 

It is interesting to apply this to some possible 

trace analysis situations. In the linear scan voltammetric 

stripping methods, in order to extend the sensitivity to 

lower concentrations, the time of pre-electrolysis is 

increased in order to deposit enough of the sought material 

so that the stripping current will be high enough to measure. 

For increasing the sensitivity of chronopotentiometric strip

ping, the pre-electrolysis time can be lengthened. However, 

enough of the sought species must remain -in solution in 

order to provide the counter ion for poising the electrode. 

This may necessitate using a large quantity of solution 

wfaen extending the analysis to very dilute solutions of the 

sought material. The volume of the solution needed for 

extending the sensitivity to a given factor for zinc is 

calculated and shown in Table 7.using an arbitrary stipulation 
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TABLE 7 

SOLUTION PARAMETERS FOR HIGH SENSITIVITY DETERMINATIONS 
OF ZINC BY CHRONOPOTENTIOMETRIC STRIPPING METHODS 

Bulk 
Solution 
Cone. Zinc 
(molarity) 

CZn 
3 (moles/cm ) 

CZn(Hg) 
calculated for 

-9 -2 I = 10 amp cm 

Volume of 
solution 
required 

(milliliters) 

10"9 10"12 10-7-85 7.4 

00 1 o
 

?—J 

10"11 10-8.42 2.0 

10-7  10" 10 io-9-01 0.05 

that a maximum of 10% of the total amount of the sought 

species is plated at the working electrode. The composition 

of the bulk solution changes only negligibly for purposes of 

calculation. The amount of zinc in the amalgam phase 
; -9 -2 required to give a minimum value of I = 10 amp cm 

is calculated for several concentrations of zinc in solu-

0 38 — 2 tion. The value used for 1° was 10 * amp cm" as was 

calculated in Chapter V. ^M(Hg) must be expressed in moles 

per cubic centimeter, a = 0.63 for zinc/'zinc(II) in 0.1 M 

KC1. 

It should be emphasized that the limits considered 

in Table 7 are for open circuit conditions. As the anodic 

current used is increased, the limit of sensitivity is 

decreased. 
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Another consideration -which would affect the sensi

tivity is the stirring of the solution. The data of Table 

7 were obtained under constant stirring circumstances. The 

surface concentration of the oxidized form of the zinc or 

other species sought would be about the same as the bulk 

concentration under such stirring conditions. If stirring 

was ceased on the stripping step, then the oxidized form 

of the species would tend to accumulate at the surface of 

the electrode, providing a higher poi-sing ability for the 

electrochemical couple and possibly increasing the sensi

tivity. 

As a result of these observations, the current-step 

method must be considered as sensitive as the potential-

step and linear scan voltammetric methods for many elements. 

Elements having higher standard exchange current densities 

are more sensitive. It was observed during the work with 

cadmium and zinc solutions that lead impurities often gave 

a potential-time plateau characteristic of that element. 

Gerischer (1956) lists the standard exchange current density 

for lead as being over 100 times greater than-that for zinc. 

That this method has not been used as widely as the 

other stripping techniques may be,due to the interferences 

from chemical stripping. Interferences from this source 

can be lowered by use of quiescent solution on the stripping 

step. 
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Chemical Stripping Versus Electrochemical Stripping for 

the Analysis of Amalgam Forming Elements 

Oxidation of the amalgam can be performed by chemical 

as well as electrochemical means by using the constant flux 

of an oxidant to the surface of the electrode in much the 

Same manner as controlling the current for the process. 

The results of Bruckenstein and Nagai (1961) show excellent 

precision in the anodic transition times obtained for lead 

and thalium amalgam oxidation using mercuric ion as oxidant. 

The concentration of mercuric ion in that case was necessarily 

high because the amalgam plate on the platinum electrode was 

formed from the solution containing both the mercuric and 

sought-after ions. With the mercuric ion concentration at 

-4 5 x 10 molar the current equivalence for the chemical 

bxidizing system was quite high and limited the lower range 

for the method. 

As an aside to the main investigation, chemical 

stripping of zinc and cadmium amalgams with low, constant 

concentration values of uranyl ion was tested. The current 

equivalence for a uranyl solution at 10"^ molar is nearly 

0.1 microampere and increases rapidly with increasing uranyl 

concentration, as shown in Figure 57. It was found that 

this method could be used for determinations of zinc and 

cadmium and that the precision was comparable to that 

obtained when an equivalent anodic current was used. The 
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same interferences that are attendant with the current-

step method vfoen low current values are used are encoun

tered when chemical stripping is used. There is no partic

ular advantage for the chemical method over the electro

chemical. The difficulties in control of oxidant parameters 

make the chemical method impractical. 

Determination of the Alkali Metals by Anodic Stripping 

Voltammetrv 

The determination of the alkali metals in DMF solu

tion using the linear scan voltammetric method, was diown 

to be possible with the sensitivity limit at about 10"^ 

molar when 6 minute pre-electrolysis times were used. 

Extension of the sensitivity to lower limits should be 

possible by the use of longer pre-electrolysis times. The 

method may be applied to alkali metals already found in 

DMF solutions.or to samples that are soluble in this solvent. 

In the latter case the purification of the solvent is an 

important step and is best accomplished by electrolytic 

reduction of interfering impurities at a mercury pool 

electrode. 

This method qualitatively distinguishes between the 

response peak for lithium and the peaks for the other alkaii 

metals but not between peaks for sodium, potassium, cesium, 

and rubidium. A prior separation is necessary before the 

•quantitative determination of any of the latter group can 
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be made. Application of this method to the determination 

of cesium and rubidium is especially hopeful because the 

flame emission spectral methods for these elements are 

not as sensitive as for sodium and lithium. 

The main interference in this type of determination •, 

in DMF occurs when the hydrogen ion concentration is larger 

than approximately 10"^ molar. Anodic stripping voltammo-

grams of DMF solutions of the alkaline earth metals indicate 

that the technique is applicable to that group also. 

Comparison with Coulostatic Relaxation Methods of Analysis 

Comparison of the chemical chronopotentiometric 

stripping method to the coulostatic method described by 

Delahay (1962) is made because of the similarities of read

out measurement for the two. The slope of the potential-

time curve on open circuit is measured as a function of the 

concentration of the sought-after species. 

In the coulostatic method the charge on the working 

electrode is changed by the introduction of an electrical 

impulse of short duration. The charge is of such magnitude 

that a faradaic current flows corresponding to reduction 

or oxidation of some sought species at the working elec

trode. On opening the circuit the faradaic component of 

the double-layer capacitive discharge is appreciable, 

measurable, and a function of the bulk solution concentration 
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for the sought species. The application is best in the 

10"5 to 10™7 molar region. 

In the chemical stripping method the concentration 

of the amalgam forming element is usually 10° molar or 

higher, and the pre-electrolysis times are longer and 

carried out under stirring conditions. The contribution 

of the capcacitive double-layer discharge to the potential-

time response is negligible. The chemical stripping method, 

as used here, is an indirect method because the measurement 

is of the effect of the presence of one species on the 

response of another. 



CHAPTER IX 

SUGGESTIONS FOR FURTHER STUDY 

Suggestions for further study in the areas dis

cussed could best be listed in three categories; (1) 

application of the techniques to other systems, i.e., 

other metals in other solution environments, (2) exten

sion of the sensitivity limits to lower levels, and (3) 

the elucidation of the behavior discovered during develop

ment of the methods. 

In the first category, application of the chemical 

stripping techniques to the determination of ytterbium 

and samarium should be feasible using a non-aqueous sol

vent. The failure of DMF to be suitable should not dis

courage the search for other, more suitable solvents. The 

•use of the linear scan voltammetric stripping in DMF solu

tions, vfaich worked well for the alkali metals in that 

medium, should be extended towards determination of the 

alkaline earth metals or any metals whose amalgams are 

not stable in acidic aqueous solutions. 

The introduction of complexing reagents, other 

than the electrolyte salt introduction of halides, was 

avoided as much as possible in the present work in order 
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to keep the systems relatively simple. A change of the 

half-cell equilibrium potential through addition of com-

plexing agents might make possible some separations or 

determinations not otherwise feasible. An example would 

be the use of very basic aqueous solutions in which the 

alkali metal amalgams are stable, containing large quanti

ties of some complexing agents to avoid appreciable hydrol

ysis of the rare earth species, and allowing their deter

mination. If another amalgam electrode system could be 

found for aqueous solutions \^iich would have its equilibrium 

potential just a little less cathodic than that for hydrogen 

reduction, then the determination of both ytterbium and 

europium in such solutions would appear to be feasible. 

In the second category, the problem of extension 
« 

of the sensitivity seems to be mainly a problem of reagent 

purification. The limiting factor is due to either dissolved 

oxygen or to some other impurity which reacts with the 

amalgam. Further investigation would take the form of 

working with more rigidly controlled atmospheres above 

the solutions and with better deaeration facilities. 

Coupled with electrolytic purification, this should help 

reveal which of the types of impurity provides the limit 

in each case. Extension of the method to higher levels of 

concentration is not practical since more precise methods 

are available for semi-micro analysis. 
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In the third category, a number of interesting 

phenomena have been observed •which merit further clari

fication. The electrochemical poising competition among 

the possible electrode systems in solution is one of the 

more interesting. The exchange current density calculated 

as being necessary for the cadmium amalgam electrode system 

to assume control of the potential upon overpotential: decay 

•was more than two orders of magnitude higher than that for 

the zinc amalgam electrode system to assume control for a 

minimum time. This calculation was made for the cadmium 

amalgam electrode system competing with the zinc amalgam 

electrode system for control of the potential in a situation 

•where the zinc system had an exchange current density value 

which was minimal for the detection of zinc. When the 

exchange current density for the cadmium system exceeded 
/T ^ O 

the value calculated (IQ = 10~ * amp cm" ), the zinc 

plateau no longer appeared on the potential-time curve. 

This value does not define the limit of sensitivity for 

cadmium, which is of the same order of magnitude as for 

zinc. • 

The equilibrium potentials for the two systems 

involved in these calculations were about 0.4 volts apart.. 

The capacitance of the electrical double layer is potential 

dependent. The interaction and effect of this capacitance 

on the electrochemical poising abilities should be 
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investigated. The competitive aspects should be studied 

for a series of metal amalgam electrode systems having 

equilibrium potentials spaced over a fairly wide range. 

The practical uses of such a study would be evident in 

considering the respective current-step method sensitivi

ties for these metals. 

The reaction dependence of alkali metal amalgam 

on pH in DMF should be studied further. At pHj-^ values 

of about 4 and at an applied voltage about 2 volts across 

the cell system, a black deposit was formed at the mercury 

surface. The deposit was stable at electrode potentials 

more negative than -1.35 volts versus the silver wire 

anode in DMF-Bu^NI solution. At less reducing potentials 

the deposit either fell off and dissolved or dissolved 

directly from the electrode. Smith (1958) and Galasyn 

(1958) obtained black deposits under various electrolysis 

conditions in DMF but could not identify the products as 

particular compounds in any of the cases. In the latter 

work some of the deposits found early in the study could 

not be reproduced. No mention was made of pH measurements 

in these studies. In the present work;, the deposit was not 

found when solutions with higher pH values were used. The 

product may be related to the reducible species affecting 

the sodium amalgam decay. 



APPENDIX A 

NOTATIONS USED 

Hanging mercury drop electrode 

Dropping mercury electrode 

Surface concentration of species M in solution 

Bulk solution concentration of species M. 

Concentration of M in the amalgam phase 

Number of moles of M in the amalgam phase 

Proportionality constant, heterogeneous rate 

constant, cathodic rate constant, anodic rate 

constant 

Transition time 

Diffusion coefficient 

Nernst diffusion layer for stirred solutions 

Pre-electrolysis time 

Current, diffusion current 

Partial cathodic current, partial anodic current 

Applied currents, anodic and cathodic 

Current density, partial cathodic current 

density, partial anodic current density 

_ 2  Exchange current density, amp cm 

"Standard" or "formal" exchange current density 

E - ^eq> overpotential 

186 
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Free energy of activation 

Free energy of activation for the cathodic 

process and anodic process respectively 

Free energy of activation for the chemical 

reduction and chemical oxidation processes 

respectively 

Electrode potential, electrode potential at 

equilibrium 

Polarization resistance 

Differential capacitance of the electrical 

double layer 

Cathodic and anodic transfer coefficients 

4 Faraday constant; 9.65 x 10 coulombs/equivalent 

Milliamperes, microamperes 

Electrode surface area 

Natural logarithm (loge) 

Common logarithm (log-^) 

Absolute temperature; degrees Kelvin 
I 

Gas constant 

Equivalents per mole for a given reaction 

N jN-dimethylformamide 

Tetrabutylammonium iodide 
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