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P o ' Introduction

In & constant ocurrent ¢lectrolysis, which is the usual
method of determining & substance gquantitatively by eleetro-
deposition, a single metal, in solution, iz plited out on the
outhode of the eleetrolysis cells The current is maintained
fairly constant by adjustment of the potential, and except for
this sdjustment, little sttention s paid to the potentisl
appled to the cells 7This method may be used if there is oxly
one metsl in solution, or it way actually be used to separste
two metals 1f ome lies above and the other below hydrogen in

- the electromotive series. In this cece, hydroger is evolved

at the eathode after the deposition of the first metal, and
hydrogen will continue to be libersted =3 long se the pH of the
solution 18 not too high. 4 good ezample is the determination
of oqyptr'in a pulfurie acid solution comtaining zinc.

If, bowever, two meteles lie close together in the electro=-
motive veries, their peparction end determinstion using conetant
current electrolysie will prove impossible, since the two metals
will come out together, or the second metul will start to plate
out before the first is completely removed from the solutiom.

This problem of separsting metals by electrolysis mey be
solved by onother method cslled "Gruded Cathode Potentisl Zlectro-
deposition." In the csse of the twe metals, one above and the
other below hydrogen in the electromotive series, the hydrogen
being displaced acted as ¢ control upon the cathode potentisl,
keeping it ot = certein velus, which was the deposition potentiel
of hydrogen. In graded cothode potenticl work, the ssme prinmciple
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is uped; & predetermined potentisl is chosen smd the potential
¢f the cathode is net allowed to full delow this velue, pre-
venting other metals from pluting outs

E;gtorgc§;

The first reporteé slectrolyeis took plece in 1800 when
Jitcholson and Garllixa Gdiescovered the decomposition of water by
an eleoctrie aurrint¢ By 18054, Persday had discovered his
important law snvsxnins the guentity of eleotricity and amounts
of verious metals involved in sm eclectrodeposition. HNo attempts
to couse a quantitative deposition were made, other than Paraday's
work, until 1864, when W. Gibbs reported quantitetive deposition
of oopper from solutions In 1876, Wrighteon called attentionm teo
the feet that th§ nlauréoy of copper determinatiorns wes affccted
by the presence of "certain metals.”

Graded outhods potemtisl mss firet suggested in 1883 by
Kilieni, snd his work wes leter justified and elaboreted by
Preudenberg, who reported seperatiom of seversl metels by con~
trolling the potantaai between the eleotrodess However, the
method wgs not generally known or used until He Jo S« Sand (18),
in 1906, developed & speciel technigue for the measurement of
the enthode potential relative to the solution using an auxiliary
uilﬁtxtﬁnQ The method wns much better than the earlisr attempts,
‘being independent of'tha cathode polarization and slmoet inde~
pendent of the resistence of the solution.

Although Send's method proved teo be guite scourate, it did
not come into general use se & means of wnalyeie, provably due
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to the tediousmess of the procedure involved in the meperationss
Constent sttention was reguired from am operstor during ths
processs dund, using currents as high ss ten amperes, was gble
to keep the time of the run fairly short, bat rapid fluctustions
ocour im the vollage ¢t this current, ond thie wag probably one
of hie main sources of crror.

Vo new developmenis were made im thie procedure until 1942
when Hickling (7) developed o completely automstis, eleectromic
control device which #oVexns the cathode potential during the
entive course of un electrolysis and allows complete freedom of
the operator. 4 slightly d;fferwnt type of control was developed
by Caldwell, Parker, and Diehl (3), employing sn electronie
amglifi&: with & motor driven variable treneformer to affect
ehanges in current in thd rectifier circuit shieh produces the
€lectrolysing currents.

4 ®luilux epperatus hes been dciciapcd by Lingene {(12) in
which & motor-driven rhecatul in the electrolyzing eirouit is
used to control the current. 8til1] othsr apparatuses have been
deserived by Thomss and Nook (20), and Poster (6).

The control set used in the present work wae bailt by
Garl Birt (8) in 1951 end employs the Ficklimg cirouit with the
anhaﬁ&tuiiea of Americen Vecuum tubes. The mein purpose of the
presont work wee to investigute the wmorth of the set built by
Hirt and t& work out & scheme of snelysis using the apparstusy
80 that it oould be employed in the labarﬁttrten #t Union Collegee
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fheoxy
The tolal potentisl applied to an electrolysis cell in order

T0 cuuse eleotrodeposition is & combination of seversl potcntiala:
V=(2.4) = (L0 ) +IR

where L. 45 the reversitle hslf ocll potenmtial between the cothode
and the solutiom; (). is the enthode pelarizetion {overveoltage); B,
and (, are the correaponiing terms for the anode; snd IR is the
potential drop between lhe cathode cnd the anode, R being the
resistunce of the solution between the csthode and the znode, and
1, the ecurrent through the solution.

During most electrolysis reactions, oxygem is liberated at
the anode, ond sinee with conditions governing this reaction re-
main essentially comstont, the term B, 18 practicully constante
2he term )is dependent upon the current demsity, but nevertheless,
the sum (8+¢.) may be considered to be about comstants 4il the
rest of the terms vary during the course of the eleotrolysis.

fhe deposition at the cuthode is determined by the term
(Betik)s The values of B for metals follow the order of the
electromotive series. The velues of 5°given in the series are
for depositions Irom solutions in wikh the setivity of the ions
in solution is unity (1 gram iom per 1000 grams of solution),
wherveas during a deposition the activity of the metal ionms will
vary from sp unknown starting activity of o fimsl activity of
m“‘mw or leve depending on the accuraey of vhe determination.
The sotusl velue of L. im o deposition et amy comeentrstion is

given by the Hernet eguation:



Be

8= 8+ 108 (8,m)
where R is the ges comstant, T 18 the absolute tempersturs, ¥
is the nawber of counlombe in one Parsday, m 18 the nuaber of
eleoctrons involved in the resduction of the iom, spd ag~is
the activity of the metel ion in solutiom. At 25 C, the cquatiem
reducés to:
B.= B+-%7 10g (8,*)

The chemical pelarisction at the cathode, i), camnot bde
determined by en formalas It is only known that when a current
is {lowing, the cathode potential does not egual the eguilibrium
potentisl calouluted by the Nernst eguation, snd the degree of
departure from thie velue is dcpendent upon the size of the
eurrent flowinge With Inoressing current, the sathode potential
is wade more negative, or in other words, the effect ie that of
& decrecse in the activity of the metal ionse This would suggest
& Gepletion of the metal ions in the luyer immedistely surrounding
the ¢zthode, :mnd this is probably éme of the causess However
other factors wndoubtedly enter inte the pioture, sinee rapid
stirring should tend to sliminste this term at moderste eurrent
densitiess 4ilse if the slectrode resction is elow an additional
potential or driving foree uay be rjqnirtd to carry on the reaction
at the spesd negessary for L rge currsntis. '

We may sum ap the tqragoing by saying that if & solution is
being e¢lectrolysed with appreciadle eurrent, the potential required
18 greater tham the reversible electrode potentis=ls due te :
irreversible chenges taking pleces

B =4 + 8
electrolysis olreve) irreve



Since we arve 1ntersatad. mainly, in the reasctiom occurring
at the cathode and sinoce this is determined, by the cuthode |
potential, we must have a means of isolating and following this
term daring the eleotrolysiss This is where the use of Sand's
method enterss '

Consider the deposition of copper ions from solution ente
pletinum electrodec. 4s soon ae some copper is pleted out, the
copper plated platinum electrode cots towsrd the solution like
& eopper electrode and this will have & helf cell potemtial
relative 1o the solution of its ions, the magnitude depending
on the concentration of the ions. This helf eell potential is
the reverse of the ¢lectrolysis potentisl esleulated earlier,
&énd should be numeriocally equal to it

Bow, if we insert & standard, reference hslf cell, such as
the nmorwal calomel electrode, into the solution, we have a com~
plcﬁd ecll betwecn the eathode and the reference electrode, and
the potentisl of this cell csn be messurede Since the reference
o6ll is reversible only when & minute current is being drown,
the potentisl must be measured with a potentiometer or & vucuum
tube voltmeters The potentisl messured is the difference be-
tween the single e¢lectrode potentinls of the hslf cell and the
cathode

Bovorcee™ By, = (Bevir)
and since we know the potentisl of the reference electrode, it
is a'ainplo matter to refer the cathode potentisl to the hydrogen
scales ' |

1f we plot the cathode potentisl (5.) as ordinates against
decressing concentrations of metuel ions ss ahsftasau. we obtain

the curves shown in figure I+ Hich metal ion will have a similar
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curve, except for the slope, which is determined by the value of
ne 7Thus the monovelent metuls have & grester slope thsn the
develent metales The low values on the first part of the curve
are due to overvoltauge effeets and also to devreased activities
of ioms in the concentreted solutionse. 1f the potentisls were
plotted directly sgainet the sotivities instead of molaritice,
the curvee would be straight all the way to the axis as shown
by the dotted lines.

48 an illustration, consider the copper and tim potentials
a8 shown on the graphe OQopper &nd tin csppot ordinerily be
separated by constant current electrolysils, even though they lie
above and below hydrogen om the c¢lectromotive series. This is
because hydrogem hae = rather high overvoltege on copper (2/),
end tin is reduced before hydrogen. However, if some exterior
control is applied which »ill pot allow the cathode potentiel to
drop below a certain wvulue for copper, azy the potemtisl at 10"
wolal coneentration of copper iome, then & separstion con be
¢ffected, since, no muatter how long the cell remains in thie
condition, the potenticl will not drop fur smough to csuse de~
position of tin. To control the cathode potential, the current
48 reduced gradually, until finslly it resches & value almost at
sero, oeslled the residual currentje

his, essentially wes Sand's original methods A vheostat
wos placed in the eleotrolysing circuit and the csthode-reference
cell potentisl followed with a potentiometers Whem this potentisl
reached & certain value, the current wae reduced with the rheostat,
and as the metal iom being deposited was depleted in the solutionm,



continual sdjustmente were made on the curremt to maintain the
measured potential at the determined limiting velue, until finslly
only residusl carrcnt was flowinmg and the deposition was completes
In the apparatus used in the present work, (see figure 1I),
the electrolyzing eourrent psesses through five, type 1625 power
tubess The grid bies on the tubes ie controlled by the potential
drop mcross the 68J7 tube, which is in turm controlled by the
thyretron oircuits This tube will pase no current when & negative
bise 1e applied to its grid. ©THis negative bise is supplied by
@ potentiometer,?, which will give any voltege from O to & volts.
1f the potentiometer is set ot the iimiting potential for
a given electrolysis, then it will control the thyratron until
the cathode~reference electrode potentisl reaches the limiting
potentisl, et which point the grid biae will be nearly sero end
the thyratrom will "fire" or sturt to psss currente TIhe more the
gathode-reference eleotrode potential increaces, the wore eurrent
will flow through the thyratroms A8 scon se the thyrairen starts
te pass current, it overcomes @ negative bise om the 68J7 tube,
whieh in turn starts to sllow current to flow, incresaing the
bias on the 1626 tubes, end so decreasing the smoumt of current
through these tubes. The whole process from the moment the 864
tube fires is praotically inetenteneous, and the effect om the
electrolyszing caurrent ie lmmediaotes
Thus, once the electrolysing current hee been applied and
the potentiometer is set at its limiting potentisl, ne attention
18 neceseary by the operator until the deposition is completes
Hirt ueed s reference electrode which comsisted of o
pletinum foil electrode covered with lesd dioxide end immersed
in & one normsl selutiom of sulfurie scide The electirode reaction

is ( )
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Pog, S{),; - m’f 2¢ = IbEG, + 2H,0; E'= + 168 veolts

The velue of B’ 18 for exuotly ome normal acid.

Some work wee done in chloride aélution. and this phase of
the work involves some theory mot already covered, especislly
for coppers The theory cr'dapoaitian in chloride solution has
been worked out im detail by Diehl and Brouns {6), and only the
results of their investigatione will be used heree

Consider the following reduction resctions for copper:

ou” + 26 = Cu’ Bm + 0s5448

Gu + B0l + ¢ = Culls £ = ¢ 0ebl

Cutl, + € = 00+ 301 £°= + 04178
The first reaction is the re&uotiaﬁ of cupric iom im sulfete
solutions The second snd third src the rtanotiogn involved im
ohloride solution. The lsrge devistion of the fimsl reductiom
potential in chloride solution tron'that‘ia sulfete is due teo
the stebility of the chleridocuprous jome

The resction im chloride solution tskna.pl‘ec in two steps,
end the first step takzu'placc completely before the second step
starte. |

4t the snode, the chloridocuprous iom is reoxidiszed to the
cupric iomes The cuprie iom in tumm fuaetm witﬁ the copper de~
posited on the cethode and dismolves it:

Cu't + 0w+ 601 = 2CuCl; § K = 4x10°
The reection is very rapid, as shown by the largs value of K.

i1,
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The suggestions of Diehl =«nd Brousns {0 ovéercowme this anocdie
reoxidation of copper are: "f1) the use of & redueing cgent which
will be oxidized in preference to the chloridocuprous ion; (2)
inoreasing the initial csathode voltage to & value sufficient
to instantly reduce to metallie copper more them half the chlorido-
cﬁpxaaa ions formed before the latter have been stirred awsy from
the vieinity of the cathode; (3) isolation of the anode by mesans
of & membrane or & pourous cupj (4) reduotion of the snode potentisl
to & vulue whieh will not oxidize the chloridocuprous ion.”



Experimental fork snd iesults

Since the apparstus had not beem used or tested sdeguntely,
the first trisls were made on & aimple oopper sulfate eolutionm,
containing some sulfuric scid. In the initisl rume, the deposition
was incomplete amd occasionslly the instrument d4id not even shut
it '

This trouble was particlly due to & feulty reference cleotrode
end partislly due to fluctustions im the line voltage which
powered the sete It le very difficult to electroplete lesd dioxide
smoothly on platinum oo that it aill odhere welle Heet results
are obtained if & very small current is used and the elesctrolysis
i® cllowed to toke ploce for a half hour or mores

Fluctustions osused the line voltage to rum e» low as 100
volte in the late afternoonss CThese fluctustions heve proved a
nuisance in genercl to the laborstoriecs in the chemistry buildings.
Omee they were noted, the remedy wes simples 4 Sola satureated
dore, constant voltuge translormer wes pluced between the line
and the setes This trunsformer gave ¢ constant voltsge output of
115 velts for input velues ranging from 75 to /20 yplte. This
hed a8 very good effect on the operation of the set und it is
r«ainnunﬁu& that the trensformer be used in oll further work.

Hirt desoribes the set as designed to deliver 300 millicmps
moximums It wes noted st this peint thet the meximum attained
undey eny conditions was 240 williampse 4 cheek of the cirouit
disclosed ¢ wiring =mistoke on one of the 1625 tubess Fhen this
tun<§$rr.¢t¢a, the maximam ourrent was found to be 300 miilismps,
a8 gpeeifieds From this point om, the apparutus wes functioning
exactly ag it wae intended.

If the operstor 18 to be frece from the set, he must be sble
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%o leave it for pericds of time. Yet he will want to know whem
one phuss of & multiple operation is vomplete 0 that he nay
atart the next phases 710 wake this posaible, & eignsl light,
consisting of a m@on "glow" lump wse placed asrows the 256
ugm resistor in the cirenit, so that when the thyratrom fires,
the loamp lights wnd the opergtor may tell from o distsnce that
the operation is nesrly finished.

#ith the truneformer in use, consistant results were
iamedistely obtsined for a cooper sulfate solutiome The limiting
Volues set on the potentiometer are the cuthode-reference cell
potentials, ss previously notede The refercnce electrode will
vary slightly with time, decreusing ss much ag 05 volts from
day to dsyes Therefore it was found nevessary to cheok the potentia
0f the electrode sseh dsy ageinet & standerd cslomel slectrode,
using the same potentiometer ewployed in the sete hen the
reforence oell potentisl is obtauined, the oathode potemtial,
in 10 moler sulution of the ion to be removed, is caloulated
from the Nernst equation and thise valee i sabtrected from the
reference slecireode potenticl te give the limiting potential.

10 ml. of the copper suliste solution was pipeticd into a
tall form, Pyvex bLesker, O ml. of H,80, were added, the solution
wes diluted to 160 mie and the electrolyeis begune The valucs
of copper from copper sulfate from three consecutive runs are
&3 follows: |

Gme Copper Pound
auite &
U«1962 Gme

4ve 041265 +0006 Gms
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“his solution wes not & stendard, since the mein ldea wes
to obtain consistent resulte. Coumpletenses of deposition wmss
tested by adding BH, 0K to & small semple of solution, to ses if
any eopper smmonis complex wes lformeds

The esloulation for the limiting potentisl of Ou inm sulfste
iss

06" 26 = 06 = + 05648 Volt
Eow + o3448 + %7 10g(10°)
= + +1068 Volt

4 Blightly bhigher value must be set on the potentiometer,
due to overvoltape effects, end the size of this exocess value
nust be determined experimentally. If the residusl current is
low, the overvoltege ie negligible. :

Fext 1t wus decided to stiempl a simple determinstion eof -
tin to sce if sny difficulties were emcountered, before procseding
with an sotuel seporstione 1The most convemiént tim eclt is the
ohloride, but it wse found thet the tin would mot plate out come
pletely in chloxide solution. Thres runs were wede, vearying the
acldety of the solution, but ne consistent results were obtained,
only about half of the tin pluiing out if at slles Hydroxylemmoninm
ehloride wus added to prevent the deposition of chlorine on the
enodes Jhis is the wethod of Schooh snd Brown (19).

A cheok of the literature showed thet thé potemtisl for the
¢hloride complex is different, appreciably, from that im sulfate.
Yhe sulfots velue is « 0+136, whereas the chloride value is
= 0+19 volts. This velue for chloride wae tried, im esloulating
8 limiting potentizl, end a rum wee mede on the tim chleride
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solution. The deposition was £+i1l not completes IThree more
rune were attempted, verying the acidity, but no improvement

Wod seene Jdocerding to the theory of 2cheech und Brown, in the
ebsence of a reducing egent, ohlorins is libersted at the snode,
and this observ:tion wes verified, but Jehoch smd Brown state
that the ohlorine liberasted is the cuuse of incomplete deposition
on the oathodey the metal going into solution ss fast as it comes
oute Moreover, in the presence of a reducing sgent, such se
hydrozylemmonium chloride, they report good results, the greatest
error in § runs being O.24fs The instructions of Scheeh and
Brown were followed os closely as poesible, but secursie results
were not obtained.

The theory of iiehl end Brouns, of amodie reexidation of
complex fong in seclutiom, scemed wore plsusibdleés Osiehl and
Brouns worked ocut the theory inm detail for cepper, but éatimated
thet equivalent resctions for tin and antimoney should eccurs
In faet they report that:

en”+ 0’ = 280" (HO1 Solution) X » 6x10"
- and it appears that snodie reoxidation in tim chloride solutionm
could affect the deposition es much ss in copper chloride solution.

Diehl and Brouns developed four methods of preventing smodie
reoxidations The first, the use of & reducing agent which 1is
more cepily reduced thanm the ohloridocuprous .ion, ie the most
applicable in the present instance. 7The second, reiecing of the
ozthode potentisl, muy £leo be opplied but does not show eny
merked effect. The third, use of a pourous cup or membrane,
reguires complex equipment which is swkward to use, und the
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fourth, lowering of the snode potentisl by & chenge of the

enode material, give poor resultes Thersfore, the téllon:ng

work was done sttempting to moke use of the Lirst method.

Stannous iom will work ae ﬁ,anaacsafgl reducing agent in the

ocase of the chloridocuprous iom.  Potentials involved are:
s, 85 (LM HGL) B = + 0.14

. gugl,” , Om e o+ 0.178
ou, Cudls 5= + 051

The etannous ion will be oxidized in preference to the chlorido=
cuprous iom and slso, the stennic ion will be reduced again at
the cethode to stannous ion, #0 ae long ss tinm is present in
solution, no anodie reoxidaution of copper will toke pluces This
was tried snd found truee 2 simple copper chloride solution will
not deposit any ecopper, or if sny, not «ll the copper present.
The addition of tin will csuce good separation. Volues of three

rune are shown in table 2.

Table 2
Gram Cn Gram Cu
present _foumd = Eryer
0.196¢ 0.i958 - 0.0005
0.1968 019270 + 00007
01963 01968 + 00006

DEPOSITION OF COPPER FROW A CHLORIDE “OLUTION CONTAINING 2IN

ez

et

lnuover:fit »ae still impossible to obtrin consistent results
for the tim, it wes decided to prepare some titanimm III chloride
solution, wkich would prevent snodie reoxidution of tin, if sueh

wes oocouinge




Various synthetic methods were tricd. 740, wes hented with
carbon to 600°C end Cl: was poesed over the mixtures Instesd of
& liguid produet, Ti0l,, & yellow oryetalline solid appesred in
the condemsers This solid dissolved resdily 4in HOL, end when
the solution wee reduced with metellic zine, the cherseteristie
purple color of titamium I1II solutions sppoureds However it was
found impossible to get a.aolutioa concentruted enough for the
| present work, so the iden was sbandoned, it now being too late
in the term to order some titanous chloride from a commercisl
Bupply houses

Hext the ocopper in sn ancljsed german silver was determined
by dissolvimg the semple in HCLl, ndding stannous iom and electro-
lyzings Two somples taken gave volues in perdent of 484497 end
48462%, o difference of only 0«13%. However, the mesn value is
nearly one pereent below the speoified velue, 49.76%. This
would indicote a syetematic error, ocuusing low results in all
sumples, o the spporstus wes rechecked te see if eny changes
hed ocourred in cireuit potential velunes during the course of
the years worke ko defeots could be found, snd the end of ths
term wnae approsching so it wes necessary to forego further teste.,

Suszmayy

The set iu‘uppat%ntlt'ﬂﬂliina a8 intended. Copper may be
deposited guantitetively from gulfste solution uasing the epparatus
and from ehloride solution, if tim is presente O5ince tin prevents
gpodie reoxidation, titemous iom should do 80«

1f the apparetus could be redesigned so thaet it will pess
more ourrent, it would be more ensily asede
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