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. * A ROTATED MERCURY CELL FOR CONTROLLED-POTENTIAL COULOHETRY 

Elimination of Beckground Current by Digital Normalization 

1 2 3 Ray .G •. Clem, Fredi Jakob , Dane H. Anderberg , and Lawrence D. Ornelas 

· .. Nuclear Chemistry Division"and 
Lawrence Radiation Laboratory 

University of California 
Berkeley, California 94720 

March 1971 

BRIEF 

A rotated mercury cell for controlled potential coulometry has been 

developed and evaluated with several chemical systems.· Electrolytic rate 

constants that are relatively large, rapid sparge and low cell noise are some 

of the adva11tages of this cell. 

Elimination of continuous background current by digital normalization 

is discussed. 
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* A ROTATED MERCURY CELL FOR CONTROLLED-POTENTIAL COULOMETRY 

Elimination of Background Current by Digital Normalization 

1 . 2 3 
Ray G .. Clem, Fredi Jakob , Dane H. Anderberg , and Lawrence D. Ornelas 

Nuclear Chemistry Division and 
Lawrence Radiation Labora~ory 

University of California 
Berkeley, California 9ln2o 

March 1971 

ABSTRACT 

A cell which is rotated at high speeds and contains a thin-layer, 

mercury, working electrode has been developed for controlled potential 
. . 

coulometrrc determinations. The cell, which is the first successful departure 

from stirred mercury pool types, has several advantageous features. Constant 

mercury geometry assures very low noise operation and background currents that 

are substantially less than.stirred mercury pool cells of similar capa~ity. A 

large solution surface area to solution volume rat:_o results in sparge times 

that can be as short as 20 seconds. Electrolytic rate constants of 0.020, 

-1 0.017, and 0.012 sec were obtained·for the determination of Pb, Cd, and U, 

respectively. A unique arrangement of the reference and auxiliary electrodes 

has been developed. This very compact combination, contains both reference 

and auxiliary electrodes in a single probe configuration. With this electrode 

it should be possible to produce scaled down.versions of the rotated mercury 

cell, which currently requires 2 ml ofmercury and 2 ml of solution. 

A new procedure termed "normalization" which requires the use of 

digital equipment permits the elimination of the continuous background current 

from individual titrations. The result is improved precision. 
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INTRODUCTION 

To the best of our knowledge, the rotated cell reported in this paper 

en:bodies the first successful conceptual departure from the stirred mercury 

pool design first proposed by Lingane more than 25.years ago (1). The reported 

cell is a cylinder which is closed at the bottom, partially opened at the top, 

and is mounted-on a turntable rotated at 1,800 rpm with a synchronous motor. 

Owing to density differences and the high centripetal force, the mercury phase 

is held rigidly us a thin film on the wall of the cell, while the solution is 

forced into a film lying on top of the mercury. Contacting of the solution 

fj_Jm ,.dth a novel, stationary, fumed-silica (2)- reference electrode combination 

probe generates a very efficient stirring action which, together with the 

favorable mercury-electrode surface-area to solution-volume ratio proveded by 

the cell's geometry, results in the attainment of quite high electrolysis rates. 

The cell's noise level is substantially less than that found in conventional 

cells since the surface area of the mercury electrode is not free to fluctuate 

in time. Thehigh solution-surface to solution-volume ratio results in very 

short sparging times. A 20 sec sparg:ing is recommended in the general procedure. 

Although solution and mercury volumes of 2 ml of each phase are employed presently, 

there are probably .no r-easons why cells 1-1ith much smaller capacities could not 

be fabricated. 

Briefly mentioned in a previous paper (3), but detailed here for the 

first time is a new procedure termed "normalization"which allows the subtraction 

of the continuous background current from individual controlled-potential 

coulometric titration curves. The J:lrecision of the titration results are 

improved by more than a factor of 4 in the exrunplc cited, i.e .. , the determination 

of U(VI) in sulfuric acid.. Implementation of this normalization procedure 
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requires the use of digital recording equipment, some arithmetic data 

processing capabilities, and the ability to electronically display the stored 

data in a ~og-linear fashion. 

EXPERIMENTAL 

Instrumentation, Reagents, and Materials. The digital instrumentation used has 

been described previously (3). In addition, a General Radio Medel 1538-A 

strobe light was employed. A Beckman #39270 saturated calomel electrode was 

used as reference. 

Stock~ ~ kCl and ~H2so4 supporting electrolyte solutions were 

prepared by dilution of reagent grade chemicals. All water used was distilled. 

Stock, standard metal-ion solutions were prepared in the fcllowing manner. 

Weighed, gram amounts of reagent-grade cadmium and lead were dissolved individually 

in nitric acid and converted to the chloride form by repeated evaporations 

with hydrochloric acid. The excess hydrochloric acid was removed by evaporation 

to near dryness, and these solutions were made to volume with water. Gram amounts 

of N.B.S., u
3
o8 (assay 99~95%) were similiarly weighed and dissolved in nitric 

acid, and the excess of this acid removed by repeated fumings with sulfuric 

acid. After being cooled, the residue was made to volume with water. .. Working 

solutions of the cadmium and lead stock solutions were prepared by dilution with 

water. Working solutions of the uranium stock solution were made ~ in H
2
so4 

and 0.2 M in sulfamic acid on dilution. All volumetric ware (flasks and T.C. 

pipets) was of class A tolerance. The calibration of the wash-out, micr81I"pipet~, 

was confirmed by weighing mercury. 

The high-purity nitrogen employed, to sparge oxygen from the solutions 

prior to titration, contained nominally less than 10 ppm. and average~ 3 ppm. 

oxygen by mass-spectrographic analysis. It was necessary to satt:rate this dry 



'. '"' 

-3- UCRL-20457 

gas with water prier to admitting it to the coulometry cell, to prevent 

evaporation of:the, sample solution during the electrolysis. 

Masero Laborato~ies' "high-purity", instrument-grade merc.ury was 

aliquoted into the cell using a luer-tipped, "Tomac". disposable, .2. 5 ml 

hypoaermic syringe. The plunger~tip of the syringe was sheathed in Teflon, 

when it was learned from x-ray fluorescence analysis that the original rubber 

tip contained~considerable amounts of metals, noteably zinc. Oxide-free mercury 

can be drawn by inserting the luer-tip beneath the mercury surface since the 

dross has no tendency to cling to the plastic syringe .. The need for pin-

holing the mercury is thus eliminated. 

Construction of the Rotated Cell and Assembly. Figure 1 shows an exploded view 

of the rotated cell apparatus. A set of detailed drawings of the apparatus are 

available upon request. The following is supplimentary information complementary 

to the drawings. 

The Lucite cell is constructed in the following manner. Two inch rod 

stock is turned do~ to l 13/16 in. in a lathe, and center bored to a 40 mm i.d. 

to form thewalls of the cell. The machining marks are removed by turning the 

piece against, first, #600 sandpaper, followed by a polishing step with 

"Brilliant Shine" ·polishing liquid until the cylinder is optically transparent. 

The cylinder is then parted into rings 1.5 em in length. Two 2 in. diameter 

.. saw-cut circles of l/8 in. Lucite sheet are mounted in the lathe and machined 

to a l 13/16 in. diameter. One circle serves as the cell bottom. A 7/8 in. 

hole is center drilled through the other piece to fo~ the cell top. The three 

pieces are then united using a glue made from Lucite shavings dissolved in 

ethylene-dichloride. The article is held together with a C-clamp until the glue 

. 'I 
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hardens. The cell is now essentially completed, except for the installation of 

the platinum, mercury~contact wire. A hole is drilled and tapped in the side 

of the cell a few millimeters from the bottom to receive an 0-80 threaded, 

1/16 in. diameter platinum wire. The wire is dipped into the Lucite glue, then 

screwed into the hole until it extends - 1 mm inside. When the glue 

sets, the excess is scraped away exposing the platinum metal. See Figure 1, 

Detail l. 

The. cell must now be subjected to the cleaning and preconditioning 

procedures given below. 

The turntable, to which the cell and its platinum, mercury-contact wire 

is mounted, is made of copper and is electrically isolated from the motor by 

sleeving the center of the copper shaft with Lucite and by using a nylon set 

screw to secure the turntable to the shaft of the 1,800 rpm, synchronous 

Bodiene motor, Model NSY-12. It is important that the eccentricity of the cell, 

when installed on the turntable and mounted on the motor shaft, be less than 

2 mils T.I.R. 

Electrical connection to the cell-turntable is made through a bronze

wool brush contact. Bronze-wool is compacted into the holder using a small 

screwdriver. The excess wool is cut with shears about l/4 in. from the end of 

the holder and the holder is mounted in the bracket attached to the positioning 

collar. The brush pressure should be such that the turntable does not heat up, 

even after prolonged operation. 

This contact is relatively trouble free provided it does not become 

contaminated with mercury. Amalgamated bronze is a hard substance, completely 

lacking in resiliency and therefore useless as a contact material. If mercury 

• 
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is spilled .on the wool, the entire tuft must be discarded and a new one taken. 

Contact bounce can occur when using a brush type contact; however, if it does 

occur in this system, the time width is less than 0.1 lJsec. 

Note that the brush and all the associated metal parts are ultimately 

mounted on the Lucite base and are thus electrically isolated from the motor 

and housing. 

The stainless-steel probe holder is made specifically to accommodate 

a variety of 6-mmo.d. glass probes and is open at the end to facilitate easy 

tube mounting and demounting without the necessity of removing the positioning 

collar or disturbing the probe holder alignment. The probe is so designed that 

it cannot move in either the horizontal or the verticle plane when locked. 

The Lucite hinged cell cover is mounted less than 10 mils from the top 

of the rotated cell. In its open position, it permits the aliquoting of the 

sample and mercury into the cell. In its closed position, it blocks entry of 

air into the cell. The channel in the cover, which terminates in a short tube, 

permits the directing of nitrogen into the cell. 

Cell Cleaning and Preconditioning Instructions. Before the cell can be used, it 

is necessary to remove the contaminents introduced during its fabrication. The 

cell, as received, must be thoroughly washed with dilute hydrochloric acid, 

rinsed with water, then ethanol. After being dried, the ~ell is soaked overnight 

in 2!1_H2so4• The following day, it is washed with water and filled with 0.1 M 

HCl04, and the platinum, mercury-contact wire is anodized against another 

platinum wire for a short time using a 10 V source. This acid is discarded and 

the cell is refilled with 0.1 !':! HCio4. This time, the contact wire is cathodized 

a.nd after a few moments, ""0.5 ml of mercury is introduced. The cell is tilted 
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so that the mercury touches.the contact wire; the mercury will flow onto and 

thoroughly coat the exposed platinum. The solution and excess mercury is· 

discar.ded and i:;he cell is then washed with water, dried, then mounted on the 

copper turntable. It is now ready for use. 

Failur.e to heed these cleaning and preconditioning instructions will 

result in very high background currents. 

Probe Construction. The two probes used in this work are shown in Figure l, 

upP,er left. The first probe consists of parallel arrangement of the reference

analyte salt bridges. The reference bridge terminates in an asbestos wick, and 

the analyte bridge terminates in a glass frit. These parallel probes are 

easy to c·ons~ruct. The second probe consists of a coaxial arrangement in which 

the reference bridge is located at th~ center of the arialyte bridge. This type 

of probe is more difficult t.o construct. See Figure 2. Drawings 1 through 5 

show the steps requi:r-ed for the fabrication of.the coaxial probe, Drawing 6 is 

a side view of the completed probe, and Drawing 7.is an end view of the tip. 

The probe tip design is very important and will be discussed below. 

Salt Bridge Preparation and Alignment. Both probes are prepared for use in the 

following manner: the reference electrode salt-bridge is filled with 1M KCl. 

Using a polyethylene spitzer, the analyte compartment is injected, as described 

in a previous paper (2), with either a fumed-silica, gelled solution of l!i KCl 

when titrating cadmium or lead, or a fumed-silica, gelled solution of 1M. H
2
so4 

when titrating uranium. The analyte compartment is then filled with the same 

solution as the gelled one. 

Position the arm of the stainless-steel probe holder along an imaginary 

line passing through the center of the cell, then lock it into this position by 
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tightening the jam nut. Clamp the probe in the holder so· ·-,hat the ceriter of 

the probe tip is ~ust below the center of the cell and facing toward the probe 

holder'.s vertical support. Aliquot 4 ml of water into the cell and start it 

rotating. Turn the horizontal positioning screw, located ::.n the probe holder's 

arm, counter-clockwise until the probe":"tip just touches th~~ moving wall of 

water. Orient the probe in such a way that the pointed end of the tip is the 

first part to ·cont_act the water. Continue turning the pas i. tioning screw 

counter-clo.ckwise until the entire tip surface contacts the water. When. thus 

correctly positioned, the solution will course around and over the horizontal 

section of the probe, but no dripping will occur and no spray will be formed. 

Lock the probe-holder in this position by tightening the set-screw. 

General Procedure. Calibrate the digital integrater to read out directly in 

nanograms of material titrated by using the voltage equivalent of the nF to 

atomic weight ratio. Start.nitrogen flowing ihto the cell at a rate of 

2.9 1/min or more. The recommended sample size depends upon the type of probe 

employed and is discussed below. Open the hinged cell-cov,~r and aliquc·t the 

sample into the cell using a 500-p£ pipet. Employing standard micro-techniques, 

rinse the pipet twice by filling it to the miniscus with the 2M_ KCl stock, 

supporting-electrolyte solution and once with water when tLtrating cadmium or 

lead, or three times with ~H2so4 when titrating uranium. It is convenient to 

draw up the rinse from droplets distributed over Parafilm. Add these rinsings 
I'll 

to the cell. The total volume of sample plus rinsings must be 2.0 ml. Aliquot 

2.0 ml of mercury into.the cell, using the plastic syringe, then close the hinged 

cell-cover. Bring the cell up to its designed speed over a 10 to 15 sec interval, 

by slowly increasing the output voltage of a 0 to 120 V Variac. 
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The solution is sparged of oxygen in part during the aliquoting 

operation. Allow it to rotate for 20-sec to complete the sparging, then apply 

the pretitration voltage. Cadmium, lead, or uranium is pretitrated at -0.400 V, 

-0.200 V, or +0.075 V ~· SCE, respectively. The pretitration electrolysis 

rates as observed on the rate-meter should fall to a value of < 5 ng/sec for 

cadmium or lead and to <::: 10.-ng/sec for uranium withinone to three minutes. 

After the pretitration set the appropriate ··titration voltage and start the 

titration. Cadmium, lead, or uranium is titrated at -0.825 V, -0.650 V, or 

-0.275 V ~· SCE, respectively. The titration terminaticn times used for the 

three elements are 7, 8, or 12 min., respectively. 

The cell is not conveniently demountable for cleaning between titrations. 

Remove the titrated solution and mercury from the cell using a polyethylene 

spitzer connected through a 500 ml filter flask trap to a vacuum line. Rinse 

the cell several times with water then aliquot the next sample. 

Carry blanks through the above procedure for the element titrated and 

correct the raw data for the background current. 

Normalization Procedure. NormalizatioL of coulometric data contained in the 

memory of a multi-channel analyzer is E.n alternate and time saving route to 

coulometric analysis (3). After pretitrating the sample, adjust the potentiostat 

to the required titration potential. Adjust the rate meter to terminate the 

experiment when the electrolysis rate decreases to 7 ng/sec for cadmium or 

lead, or 10 ng/sec for uranium. Start the titration and store the digital 

information in the first half of the memory, using a time-dwell of 3-sec per 

channel. After the rate-meter termination, transfer the stored data, while 

simultaneously multiplying it by a factor of 10, to the last half of the memory 
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using the data processor. Switch the data processor toits normalize mode of 

operation and change the storage sense of the analyzer to subtract. While 

observing the 5-cycle log display of the data cin the analyzer's oscilloscope, 

repeatedly initiate the normalization program until all the data points of the 

curve :Ln the second half of the memory fall on a straight l~ne. Determine the 

number of channels involved in recording the titration data, using the analyzer's 

peak stHect function, and multiply this number by one-tenth the normalization 

value per cha_nnel. Subtract this product, after rounding t J the nearest count, 

from the total number of counts shown on the accumulate scaler. The scaler data 

is now corrected for the continuous background current. 

If the sample titrated is very small, it will have 3-~significant 

positive bias owing to the lack of compensation for the cha~ging and the 

suppor~ing.electrolyte impurity currents. Run a blank, normalize this data, 

and using the data processor, integrate all non-empty channels. Subtract this 

integrated value from the scaler data above. 

DISCUSSION AND RESULTS 

Fundamental considerations, tempered by experimental limitations, 

served as a guide in the development of the presented cell. 

The current-time relationship in a controlled-poter.tial coulometric 

determination, which is free of chemical complications and is carried out at a 

potential at which the rate of the reaction is limited solely by the rate of 

mass transfer of the electroactive species to the working electrode, is given by 

the Lingane equation (1,4). 

i = i 
0 

-kt e (1) 
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The current i is expressed in milliamperes at some timet expres3ed in seconds; 

i is the initial current, and k is the electrolysis rate consta:1t. The 
0 ' 

Nernst diffusion layer concept allows one to relate the electrolytic rate 

constant to severa;L important experimental parameters. The relationship 

deri·.red. for this model is. 

(2) 

where D is the diffusion coefficient of the electroactive species, A is the 
. ,. 

working electrode area in square centimeters, V is the volume of solution in 

milliliters, and 6 ie the Nernst diffusion layer thickness in centimeters. 

Examination of Equation 2 reveals three ways in which the value of k 

could be incr.eased. The diffusion coefficient could be increased by heating 

the solution titrated, but the practical consideration of providing some 

thermostating at the elevated temperature because of shifts in the required 

control potential militates against this. Also, the background.current 

increases with increasing temperature. Increasing A while decreasing V would 

increase k. However, space limitations in the cell void restrict .the size and 

the effective area of the auxiliary electrode thus causing localization of the 

current distribution pattern. Other probes essential to the operation of the 

cell must also share the same void. For these reasons, the effective A to V 

quotient is usually near unity. The third alternative--prJviding more efficient •. 

mass transfer by making 6 small through efficient stirrinE, has attracted the 

widest attention, because it is the most effective and the easiest to effect. 

Making k large is desirable for two reasons: the ~itration time is 

reduced, and the contribution of the background current .to the total electrolysis 
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curren-c is decreased. The precision of the results and the sensitivity of 

the me-chod is thus improved, provided the cell is free fl'om deleterious potential 

gradients and the noise level of the cell is low. 

A paper by Harrar and Shain ( 5), in which they ir.vestigated potential 

gradients in coulometry cells, was an invaluable guide ir. the present study. 

They showed how improper placement of the references electrode could produce 

localized excursions of the working electrode potential jn which the control 

potential was sufficiently exceeded to produce undesired reactions. A general 

conclusion of these workers is that the reference electrcde should be placed 

on a line of minimum separation between the auxiliary ana working electrodes. 

Cell current noise is caused by stirring which produces electrode-area 

fluctuations in time. These fluctuations cause variations in the reference to 

working electrode distances and, if the iR drop between the electrodes is 

appreciable, considerable fluctuations in the control-potential can occur. The 

net effect is an increase in the background current which decreases the 

sensitivity of the coulometric method. 

The last cell design criteria, sparging time, is largely a matter of. 

convenience although it is of great practical importance if coulometry is to 

be considered for a control application. Dissolved oxygen interferes with 

coulometric titrations and must be removed prior to the analysis. The time need 

to sparge the coulometry cell of oxygen adds to the total time required for a 

determination. Sparging time should, therefore, be as short as possible. 

The following is an account of the way in which the rotated cell 

evolved. The rugged, easily fabricated salt-bridge described in an earlier paper (2) 

was the precursor of the salt-bridge probes developed for this work. Our most 
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difficult developmental problem was that of designing a satisfactory probe with 

an acceptable tip geometry. Initially, various shapes patterned after boat-hull 

designs, were cut into the end of a piece of 1/4 in. diameter, aluminum rod-stock 

and were tested by !1olding them· against the rotated wall of water. Without 

exception, considerable spray was formed. Also, the water had a tendency to 

run onto the horizontal section of the probe and form drops which, upon 

striking the floor of the rotated cell, produced spray. Spray formation is 

objectionable because the spray droplets can be deposited on t!1e cell-cover or 

probe stem and thus escape titration. This problem was, h·owever, overcome when 

it was observed that a piece of small diameter (1/32 in.) copper wire did not 

cause spraying or dripping on contacting the w~ter, and produced a wake with 

the horizontal of about 15° at 1,800 rpm. It was reasoned that a much larger 

diameter object could similiarly contact the water without causing the 

deleterious effects characteristic of the other designs :r.:rovided it too had a 

wake-matching 15° triangular shape cut into it. This reasoning proved to be 

correct. Any attempt to streamline the trailing edge of the design shown in 

Figure 2, Drawing 7 will probably result in the reappearance of spray. The 

probe tip surface selected was plane since the ratio of the prc.be length to the 

circumference of the cell used for this work is small. 

Once a satisfactory probe tip was designed, the next problem was one 

of selecting the correct geometry for the reference and analyte probes with 

respect to the rotating mercury electrode. 

In the first titration experiments, two probe holders w~re employed, 

mounted on two positioning collars which fitted concentrically )n the two 

stepped collar holder. See Figure 1. The cell used, at this stage of the 

•• 



-13- UCRL-20457 

development, was 4.0 em in diameter and 4.0 em in height. These dimensions 

were selected because they were physically convenient. The cell was charged 

for each run with 7-ml of mercury and 7-ml of ~ KCl containing 200-~g of lead 

and was sparged of oxygen with a strong jet of nitrogen from a tube inserted 

through the center of the cell-top opening. The angular separation between the 

probes had an effect on the normalized results. As the angular separation 

decreased from 180°, the positive titration error decreased, and approached 

zero as the separation approached 0°. From these results it was obvious that 

the control-potential was being exceeded sufficiently to cause a secondary 

electrolysis at widereference ... anode separations, hence the high results. See 

Figures 4 and 6 of Reference 5. Based upon this experimental information the 

parallel probe design was developed and is shown in the upper left corner of 

Figure 1. 

The parallel salt-bridges are situated one directly above the other to 
,· 

avoid placing one probe in the compression wake of the first which would be 

the case if one were allowed to lead the other as, for example, in a side by side 

configuration. This latter donfiguration is avoided because it is electro:i:dcally 

very noisy. ExaJ:Unation of it with strobatic light revealed the cause. Depending 

upon which probe is allowed to trail, either the control-loop or the reference-

lead is being opened intermittently by the turbulence. 

Although these first experiments showed that it was possible to do 

precision coulometry using a rotated cell provided certain geometrical 

• requirements were met, the electroJ.rtic rate constant for. this electrode 

(e.g. 0.006 sec'"'1 for lead in J?! KCl) was disappointing. · It was reasoned that 

a considerable area of the mercury electrode was inactive because of the small 
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anode surface area and the probable high collimation of the field. To test this, 

the cell height was reduced from 4.0 em to 1.5 em while keeping the same cell 

diameter. Upon reducing the rotated electrode's surface area by a factor of 

2. 7 and by decreasing the cell's capacity to 2 ml of mercury and 2 ml of solution, "' 

Ill -l the electrolysis constant increased by more than 300ft> to.0.020 sec . This 

increase is due to an increase in the value of k in Equation 2 made possible 

through a reduction in cS dth more efficient stirring. Although the geometrical 

ratio of A to V. is 9 to 1 for the 1.5 em cell, the effective ratio is probably 

near unity. 

Reduction of the cell height and solution-mercury volume also reduced 

the starting inertia of the motor resulting in the en'trapment of as much as 20-~1 

of solution beneath the mercury vhich lead to low titration results. Interposing 

a transformer between the motor and the line to initially limit the voltage to 

the motor permi~ted a much slower and controllable start up and thus eliminated 

the formation of solution pockets. This was verified by examination of the 

cell under strobatic light conditions. Coincidental with the cell alteration, 

a more sophisticated means of protecting the cell from the ingress of air became 

necessary. This took the form of the hinged cell cover. 

There is a definite upper limit to the amount of material titrated vhen 

using a parallel probe. Figure 3 shows the log 1- time behavior for a cadmium 

sample which exceeds the upper limit. The positive deviation from the expected 

linear log ! - time relation does not conform with the logarithmetic form of 

Equation 1 and is due to the control-potential being exceeded sufficiently to 

cause a secondary electrolysis, hence the high positive error. Again see FigUres 

4 and 6 of Reference 5. This phenomenon can be explained by assuming that the probe 

c 
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changes from conf.iguration II to configuration III type behavior depending upon the 

cell current demand. This behavioral transition occurs abruptly ~o if the upper 

limit is determined, and care taken that it is not exceeded, a parallel probe 

can be used without trepidation. Replacement of the parallel probe with the 

coaxial probe discussed below eliminates these problems. 

In conjunction with the above, it seemed advisable to make a potential 

map of the rotated mercury electrode when it was in its configuration II state. 

The cell was converted to essentially a constant current operation in the 

following manner. The cell cover was removed to allow air into the cell, then 

a potential of -0.600 V ~· SCE was imposed. The cell current became constant 

at 4oo ~ within a short time owing to the equilibrium between the rate of entry 

of oxygen into the cell with the rate of its reduction. Using the second 

positioning collar and probe holder as described above, a moveable reference 

probe was introduced into the cell and potential measurements were made against 

the working electrode at various angular settings with respect to the stationary 

parallel pro~e. Figure 4 shows the results. Even though the working electrode 

potential is less than the control potential over much of the electrode surface, 

this will not harm the analysis provided the final electrode potential corresponds 

to that of complete electrolysis (5), although there are some exceptions (6). 

The electrode potential of the rotated cell, of course, approaches the control 

potential at all points on its surface as the current-demand approaches zero, . 

a fact confirmed by experiments in which the cell was sparged of oxygen during 

the potential measurement. 

Figure 5, trace A, shows the ac noise superimposed on th; 400 ].lA 

constant cell current while simultaneously trace B shows the variation in the 
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control potential. Qualitatively, this cell tas one of the lowest noise levels of 

any efficiently operated, mercury coulometry cell studied by the3e authors. 

The cell noise which is due to stirring and/or mechanical shocks transmitted 

to the mercury by the motor appears to be of a high frequency nature (msec 

range). Intuitively, however, low frequency noise could occur from a. precession 

in the mercury and would occur if the cell had appreciable eccentricity. A 

frequency analyzer was, unfortunately, not available for this work. 

An outstanding feature of this cell is its outga.s characteristics. 

Figure 6 is in log-linear presentation of the change in the oxygen current with 

time. Curve A is the recorded data, and curve B is a. norl!laliza.tion of curve A. 

Curve A indicates that a. solution, initially saturated with air, can be spa.rged 

to background in about one minute. It is reasonable to assume that the sparge 

characteristic of the cell is exponential in nature a~d that an empirical 

"spa.rging constant" could be calculated, since curve B is fairly linear. This 

constant, as might be expected, is related to the volume of the ~queous phase 

which, in turn, is related to solution thickness. Sparging constants of 0.11, 
. .. -1 . 

0.10, and 0.05 sec were found for 1.5, 2.0, and 3.0 ml of l.OM, KCl, respectively. 

The thickness of these solutions, in millimeters; is almost identical with the 

solution volumes. Under the conditions of the general procedure, the sparging 

time is less than one third that calculated (69 sec) because the sample is 

being sparged in part during the ali quoting step. 

The minimum nitrogen flow rate to maintain the sparging constant of 0.10 

is 2.9 1/min. This value is all!lo the minimum flow necessary to maintain an 

oxygen free cell environment when the cell ... cover is mounted 0.01 in. above the 

rotating cell. 
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Although the parallel probe is easy to construct, the fact that there is 

an upper limit on .the size of the sample titrated impares its usefulness, if it 

is to be used in non-routine work. To circumvent these problems, the coa.Xial 

type salt-bridge was developed. See Figure 2. Since the reference electrode is 

located center of and flush with the analyte bridge, the.control potential is 

reduced by the. iR drop between the reference and the rotated mercury electrode; 

therefore, it is impossible to exceed the control potential. This behavior, 

which limits the cell current to approximately 600 ~in ~KCl is about 1/3 the 

total current available. If the initial cell current demand is above the current 

limiting value, the titration time is extended. Figure 7 illustrates this 

phenomenon. If current limiting is a problem, it can be overcome in one of two 

ways. An iR drop compensator can be installed in the potentiostat or the probe 

tip can be redesigned in such a way that the reference electrode salt-bridge is 

placed nearer the rotated mercury electrode. It is the considered opinion of 

the authors that 'the former suggestion would be the easier to implement. 

The two probes compare favorably. The current noise levels of the two 

probes are the same but the variations of the control potential (Figure 5) is 

reduced by roughly 50% through the use of the coaxial probe. 

It would be interesting to compare the performance of our cell with 

that of previous workers. Unfortunately, it has not generally been the 

practice of past workers to evaluate the electrolysis constants for their cells; 

rather, the amount of material which can be titrated to background within 15 

<i. minutes is usually reported as an upper limit for their methods. If one assumes 

that the electrolysis current obeys E~uation 1 and decays by three orders of 
. . . -1 . 

magnitude in this time, a constant of 0.008 sec is calculated for a typical 
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conventional cell. In comparison, the measured electrolysis constants for our 

. . ...1 
cell were 0.020, 0.017, and 0.012 sec for lead, cadmium, and uranium, 

respectively. 

A large value for the electrolysis constant is desireable because, in 

addition to reducing the time necessary to do a titration; the size of the 

blank titration is reduced; smaller samples can be titrated with good precision; 

and, when normalizing data, the uncertainity in the visually determined 

linearity is greatly reduced because the slope of the titration curve is increased. 

Table I gives, what we consider an objective time comparison of our cell with a 

conventional cell. The rate of reduction of U(VI) is kinetically controlled and 

depends upon the rate of disproportationation of the U(V) species (7,8). The 

time disparity would be larger had a diffusionally controlled species been 

c~nsidered. 

.. -. 

Calculated electrolysis times of 7, · 8 or 12 min. for Pb, Cd. or U, respectively, 

based on the observed rate constants are shorter than tho$e actual~ employed. 

The electrolysis was allowed to continue for a time equal to 120% of the 

calculated value to assure an adequate deviation from the linear log i - time 

relation to permit the evaluation of the background current by normalization, 

A computer program which is currently under development vill automate this 

normalization procedure. 

Both kinds of probes were used in obtaining the results shown in Table 

II. A constant titration time interval was used to obtain the reported values 

for cadmium and lead, whereas the normalization procedure was used for the 

uranium analyses. Table III details the data reduction !teps necessary to 

arrive at the information shown in the previous table for uranium at the 1124 llg 

(; 
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level. This ability to analyze coulometric titration data :f'or a continuous. 

background,current contribution on an individual basis rather than on a statistical 

basis considerably improves the precision of the final results~ Note that the 

average deviation of 0.2 l.lg would have been greater by a factor of 4.5 had the 

average blank correction been used. 

Normalization of titration data should also permit the accurate 

determinations of radioactive elements where the radiolysis products are 

created at a constant rate. 

FUTURE WORK 

Although we have attained our original objectives; a cell having very 

efficient stirring action, low noise characteristics, a very high sparging 

rate, and low sample volume requirements, several other studies probably are 

suggested by this work. If a very low-play, bearing-mount arrangement were 

developed, it should be possible to scale down the cell size and titrate 

samples in volumes of 100-pJ. or less. The probes could be maintained at their 

present dimensions and thus still be physically easy to handle. Sonic stirring (9) 

could be employed in conjunction with the rotated mercury electrode since the 

centripetal force would prevent fragmenting of the liquid metal surface. 

·A fairly large sample volume is generally required for platinum 

coulometry cells to cover the electrodes. Construction of a rotated platinum 

gauze or wool electrode would reduce the volume required and make the electrode 

f, surface-area to sample-volume ratio quite favorable and at no increase in the 

background current over the conventional application. Sonic stirring (9) could 

be applied to this arrangement too. 

If by sonic stirring an increase by a factor of 5 in the electrolysis rate 

constants is realized, potential scanning coulometry would become practical for use 

in routine analysis. 
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Table I. Time Comparison of the Rotated Cell with a Conventiona:l. Cell 

Operation 

Aliquot 

Sparge 

Pretitrate 

a Titrate 

Time Totals 

-r See text 

Rotated Cell 

1 

0.3 

1 to 3 

12 

14.3 to 16.3 

Timea minutes 

Conventional Cell 

1 

7 to 10 

1 to 3 

15t 

24 to 29 

(>' 
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Table II. Titration Results 

llg Cd 

Taken Found Av. Dev. 

1030a 1029.9 ±1.4 

258b 257.8 ±0.3 

26b 26.2 ±0.2 

aCbaxial probe used 

b Parallel probe used 

No. of 
Analyses 

5 

5 

5 

cNormalization procedure used 

d Also see Table III 

llg Pb 

Taken· Found Av. Dev. 

1250a 1250.0 ±0.9 

500b 500.2 ±0.4. 

lOOb 99.9 ±0.1 

lOb 9-9 ±0.2 

c." 

~ 
No. of 

Analyses Taken Found Av. Dev. 

6 1124a,c,d l123.5 ±0.2 

5 562a,c 561.7 . ±0.1 

5 28la,c 280.4 ±0.5 

6 56a,c 57.0 ±0.2 

No. of 
Anal~ses 

5 

5 

6 

5 

I 
1\) 
w 
I 

g 
t-4 
~· 
0 
~ 
\.n 
·--.::! 
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Table III. Normalization .of UraniUm Results 

Run No. 1 2 3 4 5 --
Scaler Counts 1128373 1128259 1129566 .. 126863 1126666 

~ 

Correction 3400 3840 5120 2560 2048 

Normalized Value 1124973 1124419 1124446 Ll24303 1124618 

Nominal Value ~g 1125.0 1124.4 1124.4 1124.3 1124.6 

Less charging current · 

U equivalent ( 1. 0 ~g) 1124.0. 1123.4 1123.4 1123.3 1123.6 

Av. 1123·5 ± 0.2 

\j 
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FIGURE CAPTIONS 

Fig. 1; Rotated Cell Apparatus ...... Exploded 'View. 
I • • • 

Fig. 2. Coaxial Probe Construction. 

Fig. 3. Coulometric Titration in which the Control Poteniial is Exceeded 

Taken: 
.·. 2+ 2+ 
501.5 pg Cd , Found: 554.6 )Jg Cd·. ,- Conditicns: See General Procedure. 

Fig. 4. Potential-Map of the Rotated Cell 

Solution: 0.1!1, KCl. 

Fig. 5. Cell Noise 

A. Cell current noise; 1 mV = 1 )JA, 

B. Variations in the control potential; 1 mV = 1 mV. 

Conditions: 400 rnA total current • -600 mV !!.· SCE, 111 KCl. 

Fig. 6. Sparging Behavior of the Rotated Cell 

A. Current-time data as recorded. 

B. Curve A expanded by a factor of 10 and normalized. 

Arrow denotes the point in time at which the N2 was turned on. 

Fig. 7. Current Limiting Behavior of the Coaxial Probe 

A. Curve B expanded by a factor of 10 and normalized · 

B. Curre.nt-time data as recorded, 

1,030 )Jg Cd2+ taken, 1,032 )Jg Cd2+ found before normalization, curve B, 

1.'029. )Jg cd·2+ f d tt 1· ti A oun a er norma ~za on, curve • 
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..----------LEGAL NOTICE----------.... 

This report was prepared as an account of work sponsored by the 
United States Government. Neither the United States nor the United 
States Atomic Energy Commission, nor any of their employees, nor 
any of their contractors, subcontractors, or their employees, makes 
any warranty, express or implied, or assumes any legal liability or 
responsibility for the accuracy, completeness or usefulness of any 
information, apparatus, product or process disclosed, or represents 
that its use would not infringe privately owned rights. 
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