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. A ROTATED MERCURY CELL FOR CONTROLLED-POTENTIAL COULQMETRY

g Eliminationvof Background Current by Digital Ncrmalization

Ray G. Clem, Fredi Jakob;, Dane H. Anderberg2, and Lawrence D.'Ornelass
| Nuclear:Chemistry Division and |
Lawrence Radiation Laboratory
University of California

Berkeley, California 94720

March 1971

BRIEF
.K rotated‘mercury céll for éqnfrolléd potentiél coulamétry has been
dgvelbped andlévaluaped yith several'cﬁemical éyétems. vﬁlectfdlytic rate
' constants th@t are relativeiy'large; rapid sparging and_lov celi.noise are some
of the-advantages of this ceil. |
Eliﬁination of continuous Backgroﬁndncﬁrreﬁt by digifal normelization

 is discussed.:
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ABSTRACT-

A ceii which is rotated at high speeds and contains a thin-layer,.
mercury, working electrode hag been developed for controlled potential
coulometric determinations. The cell which ig the first successful departure
from stirred mercury pooi types, hasvseveral_edventageous features.’ Constant
mercuryvgeometry assures #eryllow noise oﬁeretion and beckéroﬁnd currents that
are substantially less than most stirred mercury pool cells. A
large solutidﬁmsurfece area te:selution volume ratio results‘in sperging times
that can be as short as 20 seconds.. Electrolytic rate oonetants.of g;ggg,
0.017, and 0 012 sec™t were obtained for the determination'of'fb, Cd, and U,
respectiveiy. A unique arraﬁgement of the_referenCe and auxiliary electrodes
has been developed. This very compectbcombination, contains ooth referenCe
and_euxiliary.electrodes in aisingle probe configuration. With thie electrode
it should be possible to.produce scaled down rersions'of the'rotated mercurj
cell, which_currently reqﬁirea'Z ml of mercury eﬁd.Q ml of solution.

A new procedure termed "normelization" which requirea the use of
digital equipment permits the elimination of the continuouu ‘background current

from 1ndividual titrations. The reeult is improved precision.
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INTRODUCTION

To the bestvof ourvknowledgé;vthe rotated'cell reported ;n this paper
embodies fhe fifst'suCCessful éaneptﬁai departﬁré_from'the stirred mercury
pool design firét prcﬁosad by'Lingane ﬁore thén 25 yéérs ago (l). The reported
cell iéva‘cylinder which 1s clbséd'dt'ihe bétfém, partially opened at the top,
and is mountea on a turntable rotated at l,8OO rpm with a synchronous motor.
Owing to densif& differences dnd the high centripetal forég, the mercury phase
'is held rigidly as a thin film on the wall of the cellg'while‘fhe solution is
forced into aifilm lyihg'on top of the meréury. Cohtacting of the solution
film with a nOvel,'stationary;.fumedwsilica-(2)- referenée éleétrodevcombination
probe generates a very efficient stirring aetion which, together with the
favorable-meréury-électrode‘sﬁrf&gewarea‘to soiution—vdlﬁme ratio provided by
the cell's geometry, results in the attainment 6f quité high.electrolysis rates.
The cell's'hoise.levél is substantiélly less than that found in ccﬁventional
cells’sipde thé.surface area of the mercury electrode is not freée to fluctuate
in time. Thé high solufiansurface aréa_to solution-volume ratio fesﬁlts in véry
short sparging timés.‘ A 20 éec'sparging is recommended invthe geﬁeralrprocedﬁre.
Although solution and mercury volumes of 2 ml of egch phase are employed presently,
there are probaﬁly no reasons why cells with much smaller capgcities could not
be fabricated.

Briefly mentioned in a previous paper (3),>but detailed here for the
first time is & new procedure termed ﬁnormalization" which allows the subtraction
of the continuous background cufrent from individﬁal controlled-potential
coﬁlometric titratioﬁ-curves.  Thé 9récision'of the titration results are
improved by mére than a factdf éf k in the éxampievcited,'i.é., the determination

of U(VI) in sulfuric acid. - Implementation of this normalization procedure
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fequires the use of digital recording equipment, some'efithmetlc:date

processing oepabilities, and the ability to;electronicallyAdisplay the stored

data in 8 log-linear fashion.

. EXPERIMENTAL o o

Insfrumentggion; Reagents, end.Mafeflale. The digiﬁal-instrﬁ#entation used has
been'desoribed_pfeviousl& (3). vIn'addition; a GeneralnBadiooModel lSBB—A
strobe'light.waslemployed. A Beokﬁﬁne#BQZTO‘setdrated_caloﬁel'electrode was
used s referenoe. - | | - |
| _Sfbck,uaﬁ KC1l and‘lg.stoh eupporting electrol&te solutions were

prepared by dilution of reagent grade chemicals. All water used was distilled.
Stock,-sfanderd metaleioﬁ eoldtions'were.ﬁrepered.in'the fclloiiog.mannef.
'Weighed, gfam amoﬁnts of feagent-grade'oadmium and lead were dissolved individually
in nitric aoid and'converted fo.the chlorlde form by fepeated evaporations
with hydrochloric acid The excesa hydrochloric acid was removed by evaporatlon
t0 near drynesa, and these solutions were mede to volume. with water. Gram amounts
of N:B.S., U o8 (assay 99. 95%) were 81miliarly weighed and dissolved in nitric
acid and the excess of this acid removed by repeated fumings with sulfuric‘
acid. After being coocled, thevresidue wag made to volume with water. Working
sclutions of_the cadmium and lead- stock solotiohs were prepared by dilutlon wifh
vater. Working:solutione;of tﬁeidrenldofstock solufioniwere made 1M in stdu
end 0.2 M in sulfamic acid on dilufion;“)All‘volumefric'were (flasks and T.D.
pibets) wes of‘cless A tolerence..-The‘calibrafion of the_wesh-out, micro—pipets
was conflrmed by weighing mercury. |

The high—purity nitrogen employed to gparge oxygen from the solutions
prior to titration,_contained nominelly less than lO PRE. and averaged 3 ppm.

oxygen by mass-spectrographic analysis. It was necessary to seturate this dry

-
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gas with water priorbto admitting if to the couloﬁétry'cell, to‘prevent
evaporaﬁion of the sémple'solution.dufing the electrolysis. |

Masero Laboratories' Vhigh—purity”, instfument—éfade mercury wags
aliquoted into the cell using a luer~tipped, hTomaé" digposable, 2,5 ml
hypodermic syrinée. The plunger-tip of the syringe was sheaﬁhed in Teflon,
when itvwasvlearned from x-ray fluoregcence anal&sis‘that the original rubber
tip contained considerable amounts of metals; noteably iinc. Oxide-free mércury
can be drawn by inserting the luer-tip beneath the mercury surface siﬁce the
dross has no tendency to cling to the plastic syringe. The need for pin-

holing the mercury is thus eliminated.

N

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

of the rotated cell apparatus. A set of detailed drawings of thé apparatus are
available upohfrequest. The following is suppleﬁentary information complementary |
to the drawings.

Altﬁéugh othef hatefials may be as.acceptable'ana in somé instances
preferable, the presented cell was constructed from Lucife plastid. This
materiai was selectedvbecause it is easy to wbrk<when compared to some other
ﬁaterialé (e.g. glass) and was thus less expensive of shop—tiﬁe. Alsé, it is
inert to most solutions commohly used as supporting electrolytes in coulometry.

The cell was cbnstructéd in_the folloving manner. The wall of the cell
was machined té the desired outéide diameter.from f6d~stbck.and center~bored
to a specified inside diameter. The resulting cylihder, after poiishing to
optical tramnsparency, was parted into rings ;f-the required lgﬁgth. Tﬁo discs
wefe machiﬂed from Lgcite sheet, One sérved as the cell bottom. A hole was

center drilled through the second disc, which became the cell top. The three
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articles were then united using a»glué hadé“by dissolving Lucite shavings.in
ethylene-dichloride. Commericaily'évailable glﬁe'shoﬁld'wbrkvas well. The cell
is now essentially_coﬁpleted, except fqrbthé installation of thé piatinum,
mercury-contact wire. A hole is drillgd and tapped in thebéide of the cell é
few millimeters from thevbottom to feéeive g'finely threaded, platihum wire,
The wire is dipped into the Lucite glﬁe; £heﬁ screwed into_tﬁe hole until it
extendé ~1 ﬁm inéide. _When the glue‘sets, the éxcess is scraped.avay exposing
the platinuﬁ metal. - See Figuré-l, ﬁétail li Thé_céll mﬁst.ndw be subjected to
the cleaningvéﬁd precoﬁditibniﬁg pfocedures given beldﬁ ”

The turntabLe, to which the cell and 1ts platinum, mercury-contact wire
is mounted, is made of copper end is electrically isolated from the motor by
sleeving the center of the copper shaft with Lucite and by using a nylon_set
screw tb secure the turntable tp the shaft of thé 1,800 rpm,vsynchronOus
Bodiné'motor, quel‘NSY—l2. It'ié important that the eccéntricity of the cell,
v when installed on the turntable and ﬁounted on the moﬁer Shéff, be less thaﬁ
2 mils T.I.R.

Electricalvconnection‘to the ceil—£urntable is made through & bronze-
wool brush edntact. Brbnze—wool is compacted into the holder using a.small_
screwdriver;' The excess wool is cut:with shears about 1/k in.‘from the‘ena of
the holder and the holder is mounted in the bracket attached to the p031t10n1ng
collar. The brush pressure should be such that the turntable does not heat up,
even after prolonged operation.‘ | -

This conta;t is relatively trouble free providéd it does not become
contaminated with mercury. Amalgamatéd bronze is a hérd substance, compietely

lacking in resiliency and therefore useless as a contact méterial. If mercury
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is spiiled-qn the wool, thé:epfiré tuft musi be discarded and:a.new one taken.
Contact bounée'cén occur when using a brush type eontact; however, if it does
occur in this sysﬁem, thé time width is less thén 0.1 usec. This kind of é
contact was developed'bécause'we ﬁished to meke fhe cell pdrtable. A mercury
contact shduid work as well,

Note that the brush ana ail the associated metal parts afe ultimately
mounted on thé_Lucite base'and are thus elécfrically isolated frqm the motor
and housing.

The staiﬁless—steel_p?obe holder is made-specifiéaliy_to accommodate
& variety of 6-mm or smaller o.d. glass probes and is open at the end to
faciiitate eaéy tube mounting and demounting without the necessity of removing
the positiqﬁingvcollar drvdiétrubing the probe holder alignment. The probe-
holder is so désigned'that.the'probekcannot‘move in either the horizontal.or the
vérticle plane whénvlocked.

The Lucite hinged céll'cover is mounted less than 10 mils froﬁ the top
of the_rbtated,cell. In its bpen'pogition, it permits the aliquoting of the
samplg and mercury into the ceil. In its closed position, it blocks entry of
alr into the cell. The channel in the cover, which terminates‘in g short tube,
permite the directing of nitrogen:into thé cell. The éxteriof of the cell is

in contact with the air.

Cell Cleanigg;gnd Preconaitioning Instructions. Béfofe the céll,_if}it is
made of Lucite, can be used, if is necessary to remove the contaminants
iﬁtroduced during its fabrication. The ceil, aé feceived, must be thoroughly
‘washed with dilute hydrochloric acid, riﬁsed with watef, then ethanol. After

being dried, the cell is soaked overnight in 2&;H280u. The following day, it
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is washed witﬁbﬁater'and filléd vifhso;l‘g_ﬂbloh,-ﬁnd iherplatinum,'mercury-
contact wire is anodiZed_égaiﬁst,anothér_pl#tiﬁum.wire for a short time using
e 10 V source. This acid is discaraed and the cell 15 refilled with 0.1 M HC10) .
This time, the pontagt,vire is céﬁhodiied,and éfter e few momenté, ~ 0.5 ml of
mercury 1is introduced. Thé cell is tilted éoAtﬂat the-mercuﬁj fouches the
contact wire; thevmercury Vi;l flow onto and thoroughly'c§at‘the expOsed
platinum. Thefsoiution'and eXces§ ﬁefcury 1s discarded and the cell is then -
washed witﬁ water,vdriéd, then-mounted:oh the copper turnteble, It ié now
ready for use. | |

Failure to heed these cleaning and,pfecénditioning instructionsvwill'

result in very high background currents..

Probe Construction. The two probes used in this work are shown in Figure 1,

upper left, Tﬁe first probevCOnsists of parallel arrangement of the'réference~
anolyte. salt bridgés. The'reference bridge terminates in én aébestos wick, and
the.anolyte bridge térm;nates in 8 glass frit. These_pa;allel probes are

easy to consfruct. The segond piobe congists of a'coaxial arrgﬁgement iﬁ whicﬁ
the refereﬁce bridge is locafed at the‘ceﬁter of the anélyte bridge. This type
of probe is more difficﬁlf to construcﬁ. See Figure 2. Draﬁings.l through 5
show the steps required for fhevfabriCAtion of ﬁhe coaxial probe, Dfawing 6 is
a side Yiew of the'compleied probé, and‘Drawing'7 is an{end view of the tip.

The probe tip design is iery important and will be discussed beiowgv

Salt Bridge Preparation and Alignment. Both probes are prepared for use in the
following manner:. the reference electrode salt-bridge is filled with 1M KC1.

Using a polyethylene spitzer, the anolyte_compartmeﬁt is injected, as described
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in a previous paper (2), with either a fumed-silica; gelled solution of 1M KC1

when titrating cadmium or lead, or'a'fﬁMed—éilica, gelled solution of 1M HQSOu

when titrating urahium. The_aholyte‘compartmeht is then filled with the same
solution aé the_geiled one. | |
Positioﬁ the arm of the stainléss—steel probe hol&er along an imaginary

line.passing throﬁgh the center of the cell, then lock it into this position by
tightening the jJam nut. Clamp the ﬁr§be in the holdei 80 that the center of‘
the probe tip is Just below the center of the céil'and facing toward the probe
holder's vertical support. Aliqﬁot,h ml of water into the cell and start it
rotatiﬁg. Turn thé hofizontal posifioning scfew, located in ﬁhe_probe holdeffs

’ . ! . .
arm, countersclockwise.until the probe~tip just touches the moving wall of
water. Orient the .probe in such a v§y_thgt the pointed end of the tip is the
first part to contact the-vater. Continue turniag fhe positioning scréw
counter—clockﬁise ﬁnfilvthe'entirg tip surface contacts the‘water. ‘When thus
c¢rrectly positioned,'the solution will course around and ovei the horizontal
section of the probe,vbut no dripping will occur and no spray will‘%e formed.

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

General Proeedure, Calibrate the digitasl integrator to read out directly in
nanograms of material titrated by using the voltage equivalent of the nF to
atomic weight ratio. Start nitregen flowing into 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-cover and aliguot the

sample into the cell.usingié 500—u2 pipet. Employing standard micro~techniques,
rinse the pipet twice by filling it to the miniscus with the 21 KC1 stock,v

supportingwelectrolyte solution and once with water when ﬁitfating cadmium or

\
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lead, or three times with lM.HQSOh‘vhen tiﬁxating uranium. It'iseconveﬁient to
draw up £helrinse from dropletsldistributed over Parafilm. ~Add these rinsings

to the cell. The total volume of eample piuS'rinsings must be 2.0 ml. Aliquot

2.0 ml1 of mercury into the'cell using the plastic syringe then cloge the hinged

cell-cover. Bring the cell up to its designed speed over a 10 to lS sec interval
by slowly 1ncrea31ng the output voltage of a 0 to 120 V Variac.

The solutlon is sparged of-oxygen in part during the aliquoting
opération."Ailew‘the”cell te rdtate for 20 sec tO'eomplete‘the sparging; then
apply the pretitfafioh veitaéepb Cadmium, leed: or uraniuﬁ is pretitrated at
- -0.400 V ~0 200 V or +0. 075 V vs. SCE respectively.‘ The‘pretitration
electrolyais rates as observed on the rate—meter should fall to a value of
<5 ng/sec'for cadmium dr<lead‘and to < 10 ng/sec‘for uranium within one to
- three minutes, vAfter the ptefitration:set,the eppropriate titration voltege
and start the titraeien. Cadmium, lead,bof uranium is titfatga‘at -0.825 Vv,
-0.650 V, or =0.275 ¥ vs. SCE, respectively. Thé"ﬁitratibn'tefminaiionJtimes
used for the threevelements are.T;'B, er 12 ﬁin.; reepeetively, pfovided the
current is not ihitially limited. o |

| Tﬁe required'titretien times for the three elements cah be reduced to
less than 5 minutes, if the empirical chemical callbration spproach, suggested
by some wmrkers (L), is used. The titration is terminated at a preselected
current level or pulse rate which is higher than beckground,>iThe titratidn
can be‘manuelly terminated when the current or pulse.rate falls to the
preselected level. | h | |

The cell is not cohveniently demcunteble for cleening‘between‘titrations.

Remove the'titreted solution aﬁd mercﬁry from the cell using a polyefhylene'

«}

~r
3
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spitzer connected through a 500 ml filter flask trap to a vacuum line. Rinse

the celivseveral times with water then aliquqt the next sample.

Carry blanks thfough the above procedure for the element titrated and

correct the raw data for the background current.

Normelization Procedure. Normalization of coulometric datavcontained in the
memory of a. multi-channel énalyzer is an alternate and time saving route to
coulometric analysis (3). After pretitratihg the sample, adjust the potentiostat

to’the.required:titration potentiai; Adjust the rate meter to terminate the

_experimént when the electrolysis rate decreases to T ng/seé for>cédmium or

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

information-in the first half of the memory, usipg a time—dweli of 3-sec pér

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

_simultanebusly ﬁuifiplying it by a factor of. 10, to the last half of the membry

using the déta processor. Switch the data processor to its normalize mode of

~operation and change the storage senge ofithe analyzer to gubtract. While

observihg-thé 5-cycle log display of the data on the analyzer's oscilloscope,
repeatedly initiate the normalizatiom program until all the data poinfs of the
curve in the second half of the memory fall on a straight line. Determine the

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

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

value per'channel. Subtract this product, after rounding to the nearest count

from the total number of counts shown on the accumulate scaler. Thevscaler daﬁa

is now corrected for the continuous background current.
If the sample titrated is very small, it will have a significént,

positive bias owing to thé lack of dompensationvfor the charging and the’
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supporting electrolyte impurity currents;b Run & blank, normalize this data,
and using the.data,procéssor,.integrate all non~empty channels. Subtract this

integrated value from the scaler data above.

D;scuészqm AND'RESﬁLTS
;.Fundamental consideratioﬁs,fteﬁpered by eiperiméntal limitations,
serV§d as s guide in the de#elbémenf of thejpresented cell. .
Thevcﬁfrent—time'rélatidﬁship ih 8 controlled—potenfial coulometric
deterﬁinatiph; which is free of chémical coﬁplicationsvand {s carried out at a
potential at,ﬁhich thevrate,ofvthe reaétion is limited ééleiy by the réte.of
mass transfer of fhe electréactive species to the working electrode, is given by

the Lingane equation (1,5).
is= i e . - AR " {1)

The curreﬁt i,is expfessed ip milliamperes at some timé £ expressedjin‘seconds;
i is the initial}current; and'k'is.the electrolysis rate cbnstant.vahe
Nernst diffusion layer concept sllows one to relate the electrolytié_rate
constant to'seﬁeral important'ekperimental parameiers. The relé@ionship

derived for this model is
By Ly o SR
KE~ D(v>(§) S (2)

where D dig the diffusion coefficient-of:the e;ectroactive'speéies,'A is the
working electrode ares in square centimeters, V is the volume of solution in

milliliters, and 6 is the Nernst diffﬁsion léyér'thickness in centimeters.
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Examihatiéh of Eqﬁation 2 reveals thréevwaYS in which the value of k
cbuldibé increased. The difquion coefficient could.be increaéed by heating
the solution titrated, but the'practiéal considération of.providiné Some
thermostating at the elevated teﬁperéture_bécausg of shifts in the requiréd
coﬁtrol potential militateé against this. Aiso, the backgrouhd current
iﬁcreases with'inéreasinglﬁempefatﬁfe; Increasihg A thle deéreasing V would
increase k. However;-syéée'limifétibns in the cell vold restrict tﬁe size and .
the effectivé area'of the auxiliai& elécffode thus causing localization of the
curren£ distribution patternQ Othef'pfbbes essential to the operation of the
cell must algo share the same véidf lFof’these réasons, the effective A ﬁo v
guotient is usuélly near unity. The thifd'élternative;—prpﬁiding more efficient
mass tranéfer.b& m@king é sﬁall thrbugh efficient stifring, has attracted the
widest attention, because it is the ﬁoét éffective and.thé easiest to effect.

Makihg-k large 1s desirable for'tﬁo reagons: the titration time is.
reduced, and the contrifution of‘the background current td the total electrolysis
current is decreased. The precision of the feSults and the.sehsitivity of
the method ié-thus improved, provided thé cell is free from deieterious'ﬁotential
gradients and the noise level of the cell is low.

A pa?er by Harrar and Shain‘(6); invwhich they investigated potenﬁial
gradients in couldmetry célls, was an invaluable'ggide in the present study.
They showed how improper placement of the referencés electrode épuld produce
locélized excursions of the workiﬁg eléctrode potential in which the control
potentiai was sufficlently exceeded to produce undesired reactions. vA genersal
conclusiénvof these workers is {hat.the feferenée electrdde should bé placed

on a line of minimum separation betﬁeen the auxiliary and working electrodes.
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‘Cell current néisé,is cmﬁsed by stirring which prb@uées electrode~area
flﬁctuations in time.‘ These fluctuétions céuée.Qariatioﬁs'iﬁ the referencé to
working electrode distancesvand,vif ﬁhé iR drbp Between'the eiéctrodes is
appreciable,'considerable1fluctua£ions in thé éontrolnpotential can occur. The
net effect 1s én increase in the baékground current whiéh decreases the
sensitivity.of thg'céuiometric methqd.f » |

| The.last_cellbdésigﬁ eriteria, sParéing éime, is largely é m@tter of
cOnvenienéevalthouéh'it is of gréat practicél importance if coulometry is to
be considéred for a coﬁtrdi éﬁplicaﬁioﬁ; Dissolved oiygen ihterferes ﬁith
coulometric titrations and ﬁust be remoVéd prior to the analysis. Tﬁe time
needed to:spérge‘the couldmetry'cell of oxygen édds to the toﬁal time required -
for avdeterﬁination. -Spafging tiﬁe,shoﬁid, theféfore, Beias shorf as possible.

' The following is an account of the wgy‘in which the.réﬁatéd cell
evoived. ' The ruggéd; easilj fabricated salt—bridge3described in an earlier
peper (2)'wasltﬁe precursor of the salt-bridge probes developed for tﬁis work.
Our most difficult dévelopménﬁai problém was thét of desigﬁihg a_satisfactory
probe with an écceptablé tip geométfy. Initially, many different ﬁip designs
were tested,.ﬁut were rejected owiné to épray formation on contacting the
rotated wall of watef. Also, wifh.sémevdesigﬁs, the water had a tendency to
run onto the hofizontal nrobe section and form drops which! upqn_strikipg the
cell floor, pfoduced sp?ay. _Spray fqrmation ig objectioﬁaﬁle bééause the |
dropletsbcaﬁ be deposited on the:cell—covef_ér'probe stem and fhus escaée
titration.

| TheAfirst.problem was ovércome ﬁhen it was observed that a piedevof N

smell diameterv(l/32 in.) copper wire did not cause spraying or dripping on
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contacting the water, and producéﬁ a kake ﬁith the hbrizontal of about 15° ét
1,800 rpm. It was reaéohedvthét a muéh ;grgef diameter object could similarly
éontact-the weter vithoﬁt cauéing the deleteribus effects characteristic of the
other designs provided'it'had a wsake-matching 15°'triangular shape cut into it.
This reasoning proved correct. 'Although the design shown in Figure 2, Drawing T
is probably not unique; it wgs the oﬁly'one produced by our considerable

effofts ﬁhich met all our requiréments;v The probe tip surface selected was

plane since the ratio of the prébe length to the circumference of the cell

 used for this report was small.

The secoﬁd'problem,-drop formation, Appears to be rélated to the
diametér of the probe tip: The angular veléciﬁ&vof the séiutidn is dimished in
the'vicinity 6f the proﬁe andvihe\éorrésponding éentrifﬁgai forge is reduced.
The magnitude of thisbeffectiis depéndeht upon.the'tip diameter; if the.use of
a largér pfdbe is desirable, thevéngﬁlér vélpcity of the solutién must be
increased to'avoid drop formation. The foregoing is the reason why‘a 6-mm o.d.
probe tip was selected. |

. Once a satisfactory probe tip was deSigned, the next problem wés one
of selecting the correct geometry for the reference and anolyte_probeé with
respect to thé rotating merc@ry electrode. .

In the first titrafion ¢xPeriments,vtwo probe holders were employed,
mounted on twe positioﬂing'cqllars which fitted concentrically on tﬁe tw§
stepped collar holder. See Figﬁre 1. The.céll used, at this stage of the

development, was 4.0 cm 'in diameter and 4,0 cm'ih heighﬁ. These dimensions

‘were selected because fhey were physically convenient. The cell was charged

for each run with T-ml of mercury and T-ml of 1M KC1l confaining 200-ug of lead -

i



e h | UCRL~20457

aﬂd was sparged of o#ygen_withea.strohg{Jeg of nitrogeﬁ‘from a tﬁbe inserted
through the center of -the cellwap openihg. The angular separatlon between the
‘probes had an effect on the normalized results, As the angu;er separatlon
decreased from 180°, the positive titration error decre&sed, end epproached
zero as the separation eppfoached:6°._fFrom these resulfevit was obvious that
the control—potehtiél was being exceeded sufficientiyvfo cauSe'e-seconaary
electrolysis at wide reference-anodejéepafafions, hehceﬁﬁhe hiéh-results. See
Figures 4 and 6 of Reference 6. Based cbon'this experimentalvinfofmation the
parallel probe design was deVeioped'and is shown in the uppef ieft ¢corner of

Figure 1.

The parallel salt~bridges are situated one dlrectly above the other to

'av01d plac1ng one probe in the compression wake of the flrst whlch would be

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

coﬁfiguration. This latter configuration is avoided because it is electronlcally

very noisy. Examlnation of 1t with stroboscoplc light revealed the cause,
Depending upon which probe is alldwed to trail, either the control lOOp or the
reference~lead is being opened intermittently by the turbulence. _ »
'Although these first experiments showea_that it was possible to do
brecision coulometry using a fotated cell pfovided certain geometrical’
requirements vefe met, the electrolytic rete constant for this electrode
(e.g.VO.OOG secél for‘leedein.L& KCl) was disappointing. It was reesoneduthet

a considerable sarea of,fhe mercury.electrode'Was inactive because of_the'small

anode. surface area and the probable high collimation of the field. To test this,

the cell height was reduced‘fro@ 4.0 em to 1.5 em while keeping the same cell

diameter. Upoﬁ reducing the rotated_electrode’svsurface-area'by a factor of

P

h L

&
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2.7 and by decfeasing.the eellfs eapecity to 2 ml of mefcury and 2 ml of solution,‘
the electroiysieﬁconstant increased by more than 300% to 0.020 sec™l. This
increase is due.to an inereese in the.veiue of k in Equation 2 made possible
through & reduction dn 8 with‘more efficient stirring,.and also is probably

due to the feet'fhat.the pfobe diameter noﬁ more closely approximates the cell

height. One would not expect a change in the cell diameter to affect the

stirring efficiency provided the solution film-thickness remained censtant.

Although the geometrical ratlo of A toV is 9 to 1 for the 1.5 cm cell, the
effective’ ratio is probably nesr unity. .

Reductlon of the cell height andvsolution-mercury_volume also reduced
the‘Starﬁihglinertia of the-moter fesulting in the entrapment of as mﬁch as
20~-ul of solution beneath the mercury whlch lead to low tltratlon results.
Interp081ng a transformer between the motor and the llne to 1nit1ally 1limit the

voltage to the motor permltted.a much_slower and controllable start up and thus

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

of the cell under stfoboécopic light. Coincidental wifh the-cell alteration,
& more sophisticated meens ef protecting the cell froﬁ the ingress of air
became necessary. This took the form of the hinged celi cover.

There is a definite upper limit to the amount of material titrated when
using .a parallel probe Figure 3 shows the log i ~ time Dbehavior for a cadmium
sample which exceeds the upper limit. The.positivevdeviation_frem the expected
linear log i - time relation does not conform with theklogeri£hmic form of |
Equation 1 and is due to the control—potential being exceeded suff1c1ently to
cause 8. secondary electroly51s, hence the high positive error. Again see

Figures 4 and 6 of Reference-é. This phenomenon‘can be explained by assuming
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.that the probe changes from configurationvII to configuration'IlI fype»behavior
depending upon thevcellvcurrent'demend.'.This behavioral treheition occurs
abruptly so if the uppervllmitlis.determined, and care teken that itbis not
exceeded, a perellel'probe.ceh be used vifhout trepidation. Replac&mentybf the
parallel probe with the coaxial probe disouesed below eliﬁinates'tﬁese pfobleme.

InvconJunction'vith the abo#e,>it seemea aedvigable to.make a'potential.
map of the rotaped mercury'electrode when it was in its confléuration II.state,
The cell was converted to eésenﬁially a cohstant current operation in fhe
following manner. The cell cover was removea to allow air into the cell, then
a potential of —O 600 V vs. SCE wa.s imposed. The cell current became constant
at L00 pA within a short time owing to the equilibriﬁm between the rafe of entry
of oxygen'into'the cell wlﬁhvthe fefe of ite redoctiop. Using the second
positioning coller and probe holder as deecribed,above,-a moyeaole reference
probe was iﬁtrodﬁced'info the cell and potential measurement? were made against
the working electrode at various angular'eetﬁings’with reepecffto the stationary
parallel probe, Figure h'shoﬁsithe reSults. Even though the working electrode
potential is less thao the control potential over much of the electrode surface,
this will not harm the &naly81s provided the final electrode potential corresponds
to that of complete electrolysis (6), although there are scme exceptions (7).
The electrode potentlal of the rotated cell,-of course, approaches the_contgol -
potential ae.ell points on its surface ee the current-demand approeches Zero,
a fact confirmed by experlments in whlch the cell was sparged of oxygen durlng
the potential measuremant

Figure 5, trece A, shows the ac ﬁoise'superimposed on the hOQ.uA

constant cell current»while-simultaneously trace B shows the variation in the

€
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controi‘potential._ Quaiitativély; ﬁhis éell hag one of-the.lbwest noise levels of
an&vefficiently operated; mercurjjcoulométry cell stﬁdigd by these authors.
Thebcell noise whiéh is dué'ﬁd gtirring.and/or ﬁecﬁanidal shécks tfansmitted
to the.meréury-by fhevmétor.appeara,to‘bé of a high fréquency naturé (msec
range). Intuiti#el&,_howevef,_low ffeqﬁehc& noise could occur from a precession
in the’mercﬁry and would dcéur if the cell héd apprédiable ecgentricity. A
frequency anélyzer was,'unfortﬁnafély; ndt.avaiiable for this work.

| An outstanding feature of this cell is its bﬁtgas characteristiés.
Figure 6 is in log-linear present&tion of the cﬁange in the éxygén current with
time. CurvéﬂA'is the récofded date, and curvé>B‘is é normﬁlization‘of curve A,
Curve A indicates that é éblufion, initially saturated with air, can be sparged:
to background in about bné'ﬁinute.v‘It is reasonable to assume that the sparging

characteristic of the cell 18 exponential in nature and that an empirical

"sparging constant" could be Calbulated, since curve B is fairly linear. This

constanp, és'might bé‘expécted, ib related tb the voluge-of the équeous_phase
which, in turn, is related'td éoluﬁion thickness. Sparging constants of 0.11,
0.10, and 0,05 éec—l were foﬁna for 1.5, 2.0, ahd 3.0 ml of 1.0M KC1, réspectively.
The thickness of these solutions, in millimeters, is almost identical with the
solution volumes. Undef:the conditions of the genéral procedufe, the sparging
time is less than one third»that-céiculated (69 sec) because the sample is
being sparged in part aufing the aliquoﬁing-stepa

‘The minimum'nitrogen flow rate to maintain the sparging cOnséant of 0.10

is 2.9 1/min, This vglﬁe iz also the minimum flow nécessary to maintain an

IOXygen free cell enviromment when the cell-cover 1is mounted 0.01 in. above the

rotating cell. A secondary or tight sealing of the cell is not necessary to
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exclude air. It:is being sperged with ndtrogen.at a minimum rate of 540 dead
volumes ner:minute.' Such a hiéh-sberging_rate in & conrentional.cell would
undoubtedly cause severe spleehing'with subsequent losses of the sample-
solution. | B . . : |

Aithouéh the perallel probevis easy to'construct the fact thet there is
an upper 1imit on the 31ze of the sample titrated 1mpares its usefulness, if it
is to be used in non—routine work. To circumvent these problems, the coax1al
type sait;bridge QES develoned See Figure 2. Slnce'the reference electrode
is located center of and flush with the anolyte bridge; the control notential
is reduced by the iR dropvbetween-the referenceland the rotated mercury
electrode; therefore, it is impossible to exceed the control potential This
behavior, which liMltS the cell current to approx1mately 600 uA in 1M KCl is
about 1/3 the totel current available If the initial cell current demand is
above the current llmiting value, the_titrution time is extended. Pigure T
illustrates this.phenomenon. If current.limitiné is a problem, it can be
.overcome in onme of two ways. An iﬁrdrop comnensetor can be instalied in the
potentiostat.or the probe.tin can be redesigned in suchva way that the
reference electrode saltehridge is nlaced nearer the rotated mercury electrode.
It is the considered‘opinion of the authors that the former'suggestion would
be the easzier to imblement. | ._ | |

The two probes compare favorably. " The current noise ievels‘of the two
probes are the same but the variatlons of the control potential (Flgure 5) is
reduced byiroughly 50% through the use of the coax1al,probe.

It would'be:interesting to compare-the performence of our'cell with

that of pre&ious workers. Unfortunately, it has not generally been the
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practice of past workers to evaluate the-electrolyais constants for their cells;
rather the amount of material which can be tltrated to background within 15
minutes is'usually reported as an upper 1imit for their methods. If one assumes
that the electroljsis.cﬁrrent obeys Eqﬁatieh 1 and decaye byrthree orders ofﬁ |
magnitude in'thie tiﬁe, 8 constant of 0.008 sec—l is calculated for a tjpical
conventional cell; For this refort5 a copventional cell is deficed es one
having a'sample—volﬁme cefacity-cf from T to 10 m15 a sample to mercury volume
ratio of unity;_a geometricalteiectrdde surfaceearea tc solution volume ratio
of unity, and one ﬁhich is-continually being sparged with & Jet of an inert gas
sufficiently energetic to'aeprese the solution surface. The solution-mercury
interface is stirred with a diec—tybevstirrer. ,in'cdmparison, the measured
electrolysis const&nts for our cell were O 020, 0.017, and O, 012 sec -1 for lead,
cadmium, and uranium, respectively. All titrations were performed at thebambieht‘
room temperature ('f 23°C).

| A large_valuetfor the electrolysis constant is desirable becaﬁse, in
addition to reducing:the timefﬁecessary‘to do a titration; the eize of.the
blank titratioe ie reduced; sﬁailer saﬁples'eae be titrated.ﬁitﬁ good precisiong
and, when normalizing data,'the.uncertainity in the visualiy‘determined
llnearlty 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 convent}onal cell, The rate of reduction of U(VI) is kinetically
controlied end depends ﬁpen the rate of disproportationetien ef the‘U(V)
steéies (8,9). ‘The'tiﬁe disparity would be 1arg¢r had & diffueicnally
centrolled ePecies,been considered. » | | | o

'Calcelated electrolysis times of 7, 8, cr 12 min. for‘Pb, ca, or U,

respectively, based onvthe obeerred rate constants are shorter”than those

,
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actually employed. Tﬁe electfolysia ﬁgs ellewedyto continue:fof a time equal_
to 120% of'the calculated value fo.aésure an adequate deviation from the
linear log.i_- time reletion to pefgit_the evalﬁation.of thé baekground current
by normaliiation. The_éelected réﬁé#meter:ﬁermihetien levels of 7, T, or 10 ng/sec
- for cadﬁium,.leed, or urenium-wefe foughly twiee aé high as the levels to which
the ihtegratorvcouht;rate ?oﬁld have‘ultiﬁately'deceyed had the titrations been
permitted to continue for times greaﬁer than those euggested.. A computer
program which is cﬁrrentl& under.deQeIOpmeht_wili automate‘this‘normalization
procedﬁreﬁ | |

Both.kinds of probes:were used in obtaining the results showﬁ in Table
biI. A constant titration:fime ihtefvel wes‘useg to obtainfthe'reported values
for cadmium'eﬁd.lead,:ﬁherees the normeiizafioﬁ procedure ﬁasfueed~f0r the
uranium analyses. TablebIII details the data reduction steps heceesary to
arriveuat the information shown in'the‘preiioueAtable.for urehium at the 1124 yug
.level. This ebiiity to analyze coulometric titration data for a continuous
background current contributioh:on an individual Baeis-rather than on &
stafistical basis considerably.imbroves the précision of the final results.
Note that the average deviation of 0.2 pg would have been greater by a factor
of 4.5 had the average blank correctlon been used

Normallzatlon of titrationedata‘should also_bermitvthe accurate
_ determinatione of radioacfive elemen#s where the radiolysisep#educts are
created at,a'constent rate, since this ﬁechnique hae rejectioﬁ for the

continuous background current produced by these electroactive products.

¢
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 FUTURE WORK
Althoﬁgh welﬁave"attaihed oufbgrigihal §bjecfivés; a'éell having very
efficient sfirriné aéfion; iéw.hoisé chéracteristiés, aivery'high sparging
rate, and low samplé volume'feduifemeﬁts, sevefai othef studies probably are.
suggested by ﬁhis‘work; If a Vefy low~-play, bearing~mouht arrangement were '
developed, it should e péssible to scale down tﬁé cell size and titrate

samples in volumes of\lOOauzuor less. The probes could be maintained at their

present dimensions and'thus.still be physically easy to handle. Sonic stirring (10)

could be'employéd in conjunétioh with the rotated ﬁercury electrode éince the
céhtripetal force would prEVent frégﬁenting of the'liQuid metal surface. -

A falrly large sample volume is generally requlred for platlnum
coulometry cells to cover the electrodes. Constructlon of»a rotated platinum
geuze or wooljelectrode would reduce the volume.required and make the electrode
surface—area to sample~#oluﬁé ratio quite favorable and at no increase in the
background current over the éonvéntional appliéation.' SoniC'stirfingv(lQ)‘could
be applied to this‘arrangemént too.

If by sonic stirring an increase by a factor of S_in the électrolysisb
rete constants is realized, potenfial scaﬁning coulometry would becomé

practicél for use in routine analysis.
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Table I. Time Comparison of the Rotated Cell with a Con#entionél’Cell

Time, minutes.

Opération | _ - Rétated Cell B Conventional Cell
Aliquet = - 1 | ,. ' 1

Sparge . | : _ b.3 o o _ - T to 10
Pretitrate | 1to3 . 1to3
Titrate® - 12 .- 1 T
Time Totals . 14.3 to 16;3 S _ | 2k to 29

a 6+
For U in 1M HQSOA_

. TSee text




Table II. Titration Results
pg Cd - _ ‘Hg Pb ug U :
B - -No. of - No. of o No. of
Teken Found Av. Dev. Analyses ~ Taken Found = Av. Dev. .Analyses Taken Found ' Av. Dev. Analyses
C a . o ' R a . . X a,c,d'5‘> o
10307 1029.9 - *1.k 5 1250° '1250.0  #0.9 6 11247277 1123.5  *0.2 5
258°  257.8 0.3 5 3soob 500.2 0.4 5 562%°°  561.7  *0.1 5
26° 26,2 10.2 5 100°  99.9  #0.1 5 281%°¢  280.4 0.5 6
10° 9.9 #0.2 6 56%C 570 0.2 5
.~ aCoaxial probe'uséd
bParaliel_probe used
cNormélization procedure used

4150 see Table ITI

..fr.a'_
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Teble III. Normalization of Uranium Results
Run No. 1 2. 3 L 5
Scaler Counts - 1128373 1128259 . 1129566 . 1126863 1126666
Correction 3400 __ 3840 5120 __ 2560 2048
Normalized Value 1124973 112kk19  112LkL6 1124303 1124618
Nominal Value lg 1125.0  112k.h - 112Mh 112h.3 0 1124.6
LES$ charging currenﬁ
U equivalent (1.0 ug) 112h.0  1123.k . 11234 . 1123.3  1123.6
Av. | 1123.5 £ 0.2
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" FIGURE CAPTIONS -
1. Rotated Cell Apparatus——Exploded View.
2. Coaxial érébeiébnstruétioﬁ.  | | |
3. Coulometric Titration in which fhe Control Potential is Exceeded
Tekeny :SOI.S_Qg Cd2+, Found: 554.6 ug Cd2+, Conditidns: See General Procedure.
b, Poténﬁial—Map'of the Rétatéd Cell
Solution: 0.1M KC1. | .‘ |
5. Cell Noise
A. Cell current notse; 1 my = 1 1.
B. Vari&tiéns.iﬁVthé.contrél'pbﬁehtial;.l mV = 1 mv.,
Conditions: k0O uA-fotal current, ~600 mV vs. SCE, 1M KCL.
6. Sparging Behsvior of thé»Rétated Cell
A; Current-time date as recorded.
B.. Curve A expénded by a factbf of 10 and normalizéd;'
Arrow denotes the point in time at which the N2 was'tgrned on.
T. Current Limiting Behavior of the Coaxial Probe

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

~ B. Current-time data as recorded.

o+

1,030 ug Cd2+-tgken, 1,032 yg Cd~" found before normalizatidﬁ; curve B,

1,029 ug ca®t found after normalization, curve A.
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" 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 employeeés, makes
any warranty, express or implied, or assumes any leqal 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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