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PREFACE

Tn this booklet will be found an introduction to the theory
and practice of effecting the separation of certain metals by
electrodeposition, using the so-called graded cathode potential
method. An apparatus for carrying out such separations auto-
matically is deseribed. The literature on the subject as it is
related to the metals—silver, copper, bismuth, antimony, lead,
tin, nickel, and eadmium—is reviewed and finally typical proce-
dures for the determination of the various metals in their alloys
are given.

A complete discussion of the electrochemical determination of
the various metals has not been attempted; this is eared for
adequately in the classical books by B. F. Smith, by Classen and
Danneel, and by Fischer, and especially by the more receut three-
volume work, Electrochemistry and Electrochemical Anclysis, by
H. J. S Sand. Sand, who devised the graded cathode potential
method back in 1906, was pleased when recent years brought
renewed interest to his method and it is unforunate he did not
survive to see the increased use being made of his method as auto-
matic apparatus has been made available to relieve the tedium
of carrying it out.

 The author wishes to express his appreciation to the G. Fred-
erick Smith Chemical Company for their generous finaucial aid
to his work on the apparatus deseribed in this booklet.

HairvEYy DIEAL.

Ames, Towa
June, 1947
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ELECTROCHEMICAL ANALYSIS WITH GRADED
CATHODE POTENTIAL CONTROL

INTRODUCTION

In the nsual method of chemical analysis by electrodeposition a
voltage is applied to the cathode and anode and the electrolysis
allowed to continue without further attention, except perhaps to
occasionally inerease the applied voltage to maintain the eurrent at
about the same value. Such a process, which is designated as a con-
stant current elecirolysis, is satisfactory for the deposition of a single
metal when present alone in solution or at best for the separation of
one meta) from another when the first is below and the second above
hydrogen in the electromotive series. Following the deposition of the
first metal, hydrogen is evolved at the cathode, and as long as the
solution remains aeid the second metal is not deposited. The separa-
tion of copper from mickel -and zine by deposition from a sulfurie
acid solution is an example of this.

Such a method fails, however, if the second metal lies only slightly
above the other in the electromotive series, for example, eopper from
tin, for here the second ‘mietal can also be deposited from acid solution
and in fact begins to deposit before the last of the first metal has
been deposited. To effect the separation of such a mixture, it is
neeessary to employ a gmdeci cathode potential electrolysis in which,
by means of an auxiliary, reference electrode, the potential of the
cathode is measured and during the electrolysis limited to a certain
value by decreasing the voltage applied to the eathode and anode,
Necessarily the technique of doiug this is more complicated than
that of the constant current method. Continuous attention is required
for a considerable period if the cathode potential is to be held at a
constant value and the tediousness of this manual control quickly
compels the operator to seek some other method. In recent years auto-
matie apparatué for effecting the cathede control have been deseribed
so that graded eathode potential methods should now find wider
acceptanece. '

[1]




THE GENERAL TECHNIQUE OF GRADED CATHODE
POTENTIAL ELECTROLYSIS

. The electrfteal. po?:ential applied to a cell to cause electrolysis, that
15, the potential indicated by the voltmeter, V, of Figure 1, consists
of several potentials:

V= (Ec’+ wc) _— (En+ Wa) + IR

in which B, is the reversible, single electrode potential between the
cathode and the solution; w, is the cathode polarization (cathode
overvoltage); B, and w, are the corresponding terms at the anode;
and IR is the potential drop between the cathode and the anode, B’,

I—*«mm = A v
e ]

Potentiometer

Fioure 1. Cirouit and Apparatus 2 ;
Wi faleriicy pparatus for Graded Cathode Potential
f2]

being the resistance of the electrolyte between the eathode and the
anode. During an electrolysis the term (E,--v,) remains about con-
stant, the reaction at the anode usually being the evolution of oxygen
and the conditions governing it being largely unchanged. The remain-
ing terms, however, all vary. Because the reaction occurring at the
cathode is determined by the potential between the cathode and the
solution, that is, the term (B.--«.), it is necessary to isolate and fol-
low this term separately, if one of several competing reactions at the
cathode is to be made to occur exclusively. This can be done by
placing a reference half cell (calomel electrode) in the solution and
measuring the potential between it and the cathode.

The potential between the cathode and the reference half cell
must, of course, be measured with a potentiometer or vacuum tube
voltmeter in order that so little current will be drawn from the
reference cell that its potential will not be altered, and certain pre--
cantions must be observed in placing the reference electrode in the
solution. The potential so obtained is the difference of the single
electrode potentials of the reference cell and of the cathode:

Ecatn -nor. malt Co1l = Kot mare oent — (Be+ we)

Knowing the potential of the reference half cell, the electrode poten-
tial of the cathode ean be easily referred to the hydrogen scale.

The reversible cathode potential, B, is determined by the metal
of the electrode and the concentration of its ions in solution, as given

by the Nernst eguation:
RT

E =1+ -—mn[M"]
n}
Ee being the standard reduction potential of the metal (see Ilectromo-
tive Series, Table I), R the gas constant, T the absolute temperature,
n the number of electrons involved in the reduction, and F the Fara-
day (96,500 coulombs). As the metal is deposited the logarithmic
term becomes progressively smaller, moving the cathode potential
toward the negative end of the electromotive series. Thus, for exam-
ple, a copper electrode dipping into solutions 1M, 0.01 M, and 0.0001 '
M in cupric ions would have a potential toward the solution (on the

hydrogen scale) of

0.059
Beu= 1 0.345 + 2

0.059

logl= 1+ 0.345v.

Eou= + 0.345 + log10== + 0.286 v.

2

0.059
Ecu d + 0.345 + 2

{3}

logl0™ = 0.227 v.




TABLE I. ELECTROMOTIVE SERIES,
STANDARD REDUCTION POTENTIALS, 25°

Reactiion He Valts
Hg* + 2e”=Hg"® T 0.7986
Agt+ e = Ag’ +0.7995
Cur + 2e"=Cu’® | +0.3448
BiO*+ 2H* + 3e
Bi® + H:0 4 a2
HAsO; + 3H* + 3¢~ =
As® + 2H0 +0.2475
BbhO* 4 2H'+ 3" =
Sb° + H.0 + 212
H'+ e =3 I 0.000
Pb™ 4 2¢-=Fb® — 126
Sn** + 2¢ = Sn° _ 136
Ni+ + 2¢ = Nio — 0'250
Qo™ '+' 2¢” = Co° — 977
Ccar + 2¢- = Ca* —0.4020
Fett + 2o~ = Fe* — 440
Cr+t + 3g=Cr° — 71
ot + 2e” =1In° —0.7620
Mn** + 2¢” = Mn® —1.05

¢

Cutt, Cu° (M Cut)

Cu++,Cu® (0,01 M Cut?)

Sat, Gol. Elecirode.

Gutt,Cu® (0.0001M Gutt)

—d

-+ 0345
03—
Decreasing -
cencantrgtion in +0.286 -
of metol ions.
7 Lo
“1-+0.248 P
- 0227
0.2 —
Increasing . 4 .
polarization 0.168

withincreasing
current,

respectively. When referred to the saturated calomel electrode (E®=
+0.246), 0.099 v., 0.040 v,, and —0.019 v. respectively. These various
potentials are perhaps more readily understood from the graphical
representation of Figure 2. ' ’
Thus, every tenfold deerease in the concentration of a univalent
metal ion shifts the cathode potential 0.059 wvolt more negative; and
similarly, for a bivalent metal 0.0295 volt more negative, and for a

trivalent metal 0.0197 volt, or in general

volt more negative
for the deposition of a metal from an ion carrying an n- charge.

Neglecting for the time being the cathode polarization term, w.,
there is thus provided a means of following the change in the coneen-
tration of the metal ion during the electrolysis and, hy controlling
the cathode potential, of effeeting the separation of one metal from
another lying somewhat higher in ‘the eleetromotive series. In order
to prevent the cathode potential from exceeding a certain value it is
simply necessary to deerease the potential applied to the eathode and
anode. This may be done conveniently by inereasing the resistance R.
Thus, in Figure 3 are plotted the cathode-reference eell potential, B,
and the electrolyzing current, I, against time for the deposition of
eopper from a solution containing about 0.4 g. of copper, 0.2 g. of
tin and 15 per eent of sulfuric acid. The cathode potential beeame

[4]
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Copper System at Various Coneentration of
rd Saturated Calomel Electrode. e: The
of Copper from Tin in Sulfate Solution.
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morfa negative rapidly at the beginning of the electrolysis as the
platinum electrode was eovered with copper and as the eopper was
deposited. By the time the eathode potential had fallen to —0.35 volt
toward the saturated ealomel electrode the applied voltage had de-
ereased, causing a decrease in the current. The eathode was mot
allowed to beecome more than 0.35 volt negative to the calomel elee-
trode by reducing the applied potential.(that is, to the cathode and
anode) by inereasing the resistanee R. In this manner the copper
was separated from the tin. In the analysis from whiech the data of

Figure 3 was taken the amount of copper taken was 0.3805 g., the
eopper found 0.3802 g. ' ’

. The course of the cathode-calomel potential beyond the point where
1t was no longer allowed to fall is not a smooth straight line as indi-

(6]
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cated but is actually a jagged, saw-tooth line with the peaks at —0.35
volt. The cathode polarization (the extra potential above the revers-
ible potential as caleulated by the Nernst equation owing to the
eurrent flowing) is a function of the current and when the current is
decreased the polarization decreases. That is, the cathode potential
is shifted in the positive direction., As more copper js plated out, the
concentration of the copper deereases and the cathode potential be-
eomes more negative according to the logarithmic term of the Nernst
equation. When the cathode potential reaches —0.35 volt the current
is again decreased, the cathode potential is momentarily made more
positive, then gradually becomes more negative again, and so on.
Ultimately, the eopper is all plated out and the electrolysis is discon-
tinued. The current never falls completely to zero owing to the eyelic
oxidation and reduetion of stannous and stannic ions at the anode
and cathode. Even with copper alone the current reaches a minimum
value, probably owing to an equilibrium between the rate at which
copper is being plated out and is being redissolved by the acid and
the oxygen stirred into the solution from the anode.

Manual control of this proeess is tedious. It is necessary to read
the potentiometer and adjust R, read the potentiometer and adjust R,
and so on. In the apparatus deseribed subsequently a vacuum tube
voltmeter is substituted for the potentiometer; the vaeuum tube volt-
meter is direet reading and may be left conneeted continuously to the
cathode and reference eell and this eliminates the key tapping and
adjustment of the potentiometer scales. An electronie deviee is de-
seribed for automatieally controlling the applied voltage. Inasmuch
as the automatic deviee operates continuously and almost instantane-
ously considerably higher currents may be used at the beginning of
the eleetrolysis and the time required reduced.




4, 5, and 6.

AUTOMATIC CATHODE POTENTIAL CONTROL.
THE DIEHL APPARATUS

The apparatus designed by Diehl! to carry out the graded cathode
potential separation automatically, consists of three main units:
1. A direct current output unit by which a direet current output

of low voltage ean be obtained from the 110-volt alternating current
main to perform the electrolysis,

Figune 4. Dieh! Apparatus for Automatie Graded Cathode Potential
Electrodeposition,

2. A control circuit consisting of a potentiometer, a vacuum tube
amplifier, a relay, and a motor-driven Variae by which the cathode-
reference cell potential is made to govern the electrolyzing eurrent,

3. A vacuum tube voltmeter for convenienmce in measuring the
cathode-reference cell potential.

The appearance and circuit of the apparatus are shown in Pigures

* Thiz apparatus was first described by Caldwell, Parker and Dichl, Ind, FEng.
Chem., Anal. Bd., 16, 532 (1944); the apparatus to be deseribed is a greatly im-
proved version of the original apparatus.

(8]
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D.C. Ourput CircuIT

The direct current needed for the clectrolysis is obtained from the
110-volt alternating current line, the circuit elements being, succes-
sively, a switeh in the 110-volt alternating cnrrent input, a Variae,
a step-down transformer, a selenium rectifier, an electric wave filter,
a voltmeter, and a milliammeter-shunt combination.

The Variae is driven by a motor activated in turn by the amplifier-
relay (control) cireuit and is the mechanism whereby the eleetrolyzing
eurrent is decreased as a result of increases in the cathode-reference
cell potential. The Variac is connected to the motor by a frietion
drive which permits sufficient slippage so that the Variac may be set
by hand by turning the knob on the panel at any time.

The secondary of the step-down transformer has taps fo provide
voltages of 3, 6, 9, 12, and 15 volts when 110 volts are supplied the
primary of the transformer by the Variae. Thus, no more than a
safe load ean be supplied the selenium rectifier which is eapable of
handling up to 20 volts.

The rectifier is followed by a filter consisting of two inductances
of about one henry each and three capacitances of 2,000 mierofarads
each arranged in parallel before and after each choke. The purpose
of the filter is to by-pass any residual alternating current remaining
and to smooth out the 120-¢yele pulsating direct current ripple which
otherwise adversely affects the electrodeposition and the eontrol eircuit
amplifier. ‘

The voltmeter reads fhe voltage applied to the electrolysis eell,
that is, the voltage applied to the cathode and ancde.

The direct current drawn is measured by a milliammeter, suitahly
arranged with three shunts, so that it can be made to read three
current ranges, 0 to 0.1 ampere, 0 to 1.0 ampere, and 0 to 10.0 am-
peres, by changing the position of the range selector dial ou the lower
right frent panel of the instrument.

The direct eurrent output is brought to terminals on the frent
panel and also cut through a four-wire cahle connected on the right
hand side of the instrument; the latter is somewhat more eonvenient
in making the four connections to the electrolysis cell necessary in a
controlled cathode potential eleetrolysis.

ConTrOL CirCUIT

The cathode-reference cell potential is opposed, that is, connected
positive to positive, by the potential of a semiprecision potentiometer
and the difference of the two potentials is amplified by a two-stage
vacuum tube amplifier which drives a gasfilled tube which provides

[11]




enough power to operate a relay. The relay in turn eontrols a motor
which turns the Variac. In this manner a slight difference between
the input potential (cathode-reference eell potential) and that of the
potentiometer actuates the control eirenit to decrease the electrolyzing
current.

The potentiometer is identical in design to those commonly used
in the laboratory to measure potential, with the exception that the
galvanometer is replaced by the vaeuum tube amplifier and no tap-
ping key is used. In parallel with the motor whieh drives the Variae
is a pilot light whieh lights when the relay closes. The amplifier is
set to close the relay when the input potential just slightly exceeds
the potential of the potentiometer; the amplifier thus functions as a
galvanometer, the pilot light being on when the input potential ex-
ceeds the potential of the potentiometer, and off when it is less, balance
being indieated when the pilot light just comes on. Since the elec
tronie amplifier draws so little current that it eannot polarize the
eleetrodes it may be left comneeted to the cireuit at all times.

The potentiometer itself consists of a 3-volt battery, coarse and
fine resistances which are used to adjust the working eurrent, and a
slide wire which eonsists of a series of fixed resistors of exactly 10,000
ohms providing steps of 0.1 volt and a slide wire proper of 10,000
ohms resistance giving a continuance fine adjustment from zero to 0.1
volt. A double pole, triple position selector switch is provided so that

" the potential applied may be either the cathode-reference cell poten-
tial, the standard cell used for calibrating the potentiometer slide
wire, or a direct short used in imitially setting the amplifier. The
operation of ecalibrating the slide wire to read exactly the values
on the dials are the same as with the ordinary laboratory potentio-
meter with the exception that the amplifier must first he set to indieate
zero potential. This initial setting of the amplifier is accomplished by
setting the potentiometer on zero, shorting the input terminals by
means of the selector switch, and adjusting the grid biasing potential
of the first tube of the amplifier until the relay just closes as indicated
by the pilot light. The grid biasing potential is derived from a poten-
tial divider supplied by a 1.5 volt dry cell.

The various potentials involved can be seen more readily by exam-
ining Figure 7 which is an enlargement of the portion of Figure 5
involved in this diseussion. The potential 1., between the filament
and grid of the IN5 tube needed to just close the relay is about 1.2
volts and with By, and B, both equal to zero, this potential is just
supplied by Eierongs. If Epee is made some value grealer than zero,
say 0.4000 volt, E,, will have to be increased to 0.4000 volt to cause

[12]
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Roourse  Rrine Zero Adjust, Potential,
+=: -
L5v. First Tube

of Amplifier.

Q. v. steps

. .

Epor. *—E a0 adjust.

Tigure 7. Input Cirenit to Amplifier.

| 1t rd eell or short
be the cathode-reference eell potent}ul, standar '
Eé;enrtggng on the position of the selector switch {not shown_). E%ottlls
selected on the coarse and fine dials oun the lower qut hand ‘51de of t fle
anel. Egero aay. i3 about 1.25 volts and ehanges slightly with the life _

of the 1N5 tube.

the relay to elose. Thus if it is desired to limi‘F the cathoge-referencg
cell potential to 0.4000 volt, the potentiometer Is set at this va.lue ail

then whenever the cathode-reference cell potentlal.exceeds this val‘ue
the amplifier will close the relay and the motor will turn the Var1a1<i
decreasing the electrolyzing current. As jche cathode-reference e%

potential inereases the filament-grid potential, E%rm, of the 1N5_ tu. e
becomes smaller allowing more current to ﬂow. in the plate circuit.
This increase of the plate current causes the grid of the seconc_l tube,
also a 1N5, to become more negative and the plate eurrfmt of this tube
decreases, in turn causing the grid potential of_ the third tub.e, a gas-
filled tetrode, Type 2050, to become more positive. If the grid poten-

_tial of this tube becomes more positive (less than —2.0 volts, the

eritieal value for firing at the plate voltage used, it passes current’
sufficient to close the relay. . ‘

The current passed by the 2050 tube is comparatively high, ahout
9 milliamperes, onee its grid potential bcco‘mes lt?SS than ‘—2.0 vochilsls.
Once the plate current has started, its magnitude is deterr.mne.d byd le
plate supply potential and the impedance _of the plate 01'rcu1t al';’ . 513
practieally independent of the grid potential. By operating the p
tube on alternating current it is possible to have the tube .turn 0
when the grid potential becomes only slightly more neg&tlvc than
—2.0 volts. During the negative half cyele of the alternating eurrent

[13]




potential applied to the plate, the plate enrrent is zerot since the
plate is negative with respeet to the filament. As long as the grid
potential is less negative than the eritical value of —2.0 volts, the
tube will conduet on positive half cycles. However, if the grid is
more negative than the critieal value, conduetion will be prevented on
positive half eycles. In other words, a change in grid potential can
cause the 2050 tube not only to close but to open the relay.

A milliammeter (left-hand meter, Figure 4) is placed in the plate
circuit of the second tube as an indiecation of approach to the point
where the relay closes. This is convenient in showing that the ampli-
fier is funectioning and is a somewhat more sensitive indicator than
the vacuum tube voltmeter of the changes in cathode-reference cell
potential,

Vacuum Tube VOLTMETER

For convenicnee in reading the cathode-reference cell potential a

vacuum tube voltmeter is incoiporated in the apparatus. The vacuum
tube voltmeter is line operated, having its own d.e¢. power supply
{rectifier and voltage regulator tubes). It is based on a bridge type
circuit employing a single duplex tetrode for ampliﬁcatiou. The
circuit is shown in the lower left hand corner of Figure 5.

The vacuum tube voltmeter is placed in the center of the appa-
ratus, The zero adjustment control, range selector switch, meter,
and filament switch are brought to the center of the front panel,
as will be seen from a close inspection of Figure 4. In order to use
the vacuum tube wvoltmeter for other purposes if desired, input ter-
minals are placed on the panel (just below the meter) and a selector

switch provided so that the voltmeter could be made to read the i

cathode-reference cell potential {D.C. IN) by direct connection within
the apparatus with d.c. input, or to read some other potential applied
to the voltmeter input terminals (EXTernal).

The zero adjustment is made with the seleetor switch on OPEN.
A voltage divider of precision resistors, placed in the input circunit
of the vacuum tube voltmeter, enables the meter to read the ranges
0 to 0.5 volt, 0 to 1.0 volt, 0 to 2.5 volts, and 0 to 5.0 volts. The cali-
bration can be checked against the standard cell on the three high
ranges, red marks being provided on the scale. Calibration on one
seale holds for the.others, however. Oceasionally a calibration adjust-
ment may be necessary, for example when installing a new tube; this
is accomplished by varying resistance in series with the microam-
meter, the shaft of this resistance being located within the instrument
directly in baclk of the tubes of the voltmeter cireuit (C in IMigure 6).

[14]

The reversing switeh on the meter is eonveuie:nt ju that the p01.a1;
ity of the cathode and the reference cell sometimes changes during
an eleetrolysis.

AvuxiLiarY EQUIPMENT

In graded cathode potential electrodel?ositions, vigorous stirrlmg. 1:-
essential. The most satisfactory combination o.f electrgodes and stlrn}lb
wo stationary eoncentrie platinum ganzes with
the shaft of the stirrer passing through thn? axi; of the elfeqtl'c;f‘lres aﬁi
bending back np between the electrodes n the form o a N .m he
stirring apparatus furnished with the Diehl apparatus 1s slmtmde
Figure 8. The bakelite block serves as a beaker.co’ver, ‘e cnlac ode
holder, and bearing for .the shaft of the g'lass stirring '\,1[0(1'177
electrode holder is designed for American Platl‘num‘Works, A 01 et ;,
gauze electrodes, inner electrode (anoi.ic) 7 in. dla.,.outeile ectrode
{eathode) 1% in. dia., stem dia. 0.065 in., 45 mesh, 5 in. ta d -

The eonventional form of calomel ele'ctrode 'ma.ty be u}ied, .teni
1 N, or saturated, the appropriate c}mnge in the limited cali;L 0 i- po o
tial used being made on substituting one for .anot‘her. : n agag-g :
bridge for making the connection to the s_ol‘utw‘n is pre Erl:cﬂ E
straight salt bridge may be used if. provision is made (i:i bus nélg1
out the arm occasionally. The ﬂushn.ag a'rrangemenf, shou e1 s:on
that only saturated potassium chloride is f}ushcd into thetsg uwlith
ﬁnd not saturated potassium chloride solution also sat‘léra ;. i

calomel, as a considerable quantity of l'nercurous chloride iss0 e
in a saturated potassium chloride solution and the mereury 118 @
posited on the cathode, radieally altering the cathode potent:,la. e

The commercial types of calomel refere'nce glectrode, In W md
the electrical contact is made through a mlpute l}ole or ungr:a.se
ground glass joint, are very satisfactory, the higher internal I'('EEIS amccei
of these cells being no impediment to the vacuum tube amplifier an
VOlt'i‘Ifge;ference electrode must be place(li wit.h its contact tip on
the outer side of the cathode and at about its middle, so as to be out
of the lines of flow of electrical eurrent.

N

apparatus consists of t

OPERATION
Connect the terminal marked GROUND, on the .right hand side of
the instrument, to a convenient plumbing pipe makmg. sure that good
alectrical contact is established, preferably by soldering the connec-

tion wire to the pipe. .
Turn Qutput Voltage Selector Switeh to OFF and plug the line

cord from A.C. INPUT into a 110-v. a.c. line. The blower used to
[15]




cool the rectifier and voltage regulator is turned on as soon as the
line cord is plugged in; air will issue from the opening in the back.
Turn on the switches marked V.T.V.M. (vacuum tube voltmeter)
FILAMENT VOLTAGES, AMPLIFIER, and D.C. QOUTPUT. The
center meter (meter of the vacuum tube voltmeter) will make an
initial exeursion and settle back to approximately zero; the meter
. marked PLATE No. 2 will read some value greater than zero, indi-
Varlable Soeed ) 1 ecating that the amplifier is working. Allow five minutes for the tubes
Motor. to establish equilibrium and then ecalibrate the vacnum tube volt-
meter and the potentiometer. If the calibrations are made immedi-
ately they should be checked after a five- or ten-minute interval.

Voltmeter Calibration. Twrn V.T.V.M. INPUT SELECTOR
Switeh to OPEN and vary V.T.V.M. ZERO adjust knob until the
meter reads exactly zero. Turn V.T.V.M. INPUT SELECTORLR
SQwiteh to D.C. IN aud V.T.V.M, RANGE SELECTOR Switch to
1.0-volt range. Throw ‘V.T.V.M. reversing switch to left. Move
Amplifier Selector Switch to STD. CELL. The vacuum tube volt-
meter should read the voltage of the standard cell, 1.0185 wvolts,
indicated by the red line on the scale. If it does not it can be made
to do so by varying the Range Adjust resistance inside the apparatus;
this resistance has a slotted shaft extending through the chassis ap-
proximately in the center of the apparatus and is designated C in
the chassis layout shown in Ifigure 6. The voltmeter is now ready to
read on any of the four ranges, 0 to 0.5 volt, 0 to 1.0 volt, 0 to 2.5
volts, and 0 to 5.0 volts. If the V.T.V.M, INPUT SELECTOR Switch
is on the D.C. IN position the voltage measured is that impressed on
the D.C. INPUT terminals (in .whieh case the vacuum tube volt-
meter is in parallel with the amplifier). If the V.T.V.M. INPUT
SELECTOR Switeh is in the EXTernal IN position the voltage meas-
ured is that impressed on the EXT. INPUT terminals; this would
be the case when the vacuum tube voltmeter is used as a titrimeter,

Golomel Ref. TT 1"
Electrode. |

o
B

[}

Check the zero setting of the vaeunm tube voltmeter oceasionally
during use.

Potentiometer Calibration. Throw the Amplifier Selector Switeh
to SHORT (eenter position). Turn the LIMITING VOLTAGE CON-
TROLS, both COARSE and FINE, to zero. Vary the POTENTI-
OMETER ZERO ADJUST knob until the relay just closes as indi-
cated by the pilot light coming on (the Variac will begin to turn
at the same time and the milliammeter marked Plate No. 2 will reach
F1auss 8, Electrode Holder and Stirring Device, ; a minimum value moving left).

[16]




Turn the LIMITING VOLTAGE CONTROLS to read the voltage |

of the standard eell, 1.0185 volts, and throw Amplifier Selector Switch
to STD. CELL. Vary the Potentiometer Adjustment knobs COARSE
and FINE until the relay just closes, that is, the pilot light just
comes on. This operation adjusts the working current in the potenti-
ometer cireuit to such a value that each step on the LIMITING VOLT-
AGE CONTROL COARSE dial is exactly 0.1 volt and the full scale
of the FINE dial is exaetly 0.1 volt.

Recheck zero.

Controlled Cathode Potentigl Electrodeposition. Connect the an-
ode, cathode, and reference cell to the instrument either by () indi-
vidual wires or () the shielded four-wire cable. If method (e) is
used, eonnect the anode and cathode to D.C. OUTPUT terminals 4
and — respectively, and connect the cathode and reference cell to
D.C, INPUT terminals, using four wires in all from the cell. Con-
nect the cathode to the negative terminal and the reference cell to
the positive. In some cases the cathode may be positive to the refer-
ence cell in which case the reversing switch of the vacuum tube
voltmeter will have to be thrown to the right.

If method (%) is used to conncet the cell to the instrument plug
the four-wire cable into the socket on the right side of the instrument,
connect the red wire to the anode, the black and green wires to the
cathode and the white wire to the reference eell. If the cathode hap-
pens to be positive to the reference eell throw the reversing switeh of
the vacuum tube voltmeter to the left.

Bring the solution to he eleetrolyzed up around the electrodes,
placing the tip of the reference electrode outside the eathode but as
elose to it as possible and at about its middle. Start the stirring
motor. With the potentiometer and vacuum tube voltmeter cali-
brated as deseribed above, the electrolysis may be started. Set the
AMPLIFIER SELECTOR Switch on D.C. INPUT and the V.T. V.M.
INPUT SELECTOR Switech on D.C. IN. Set the Limiting Voltage
Controls, COARSE and FINE, to the limiting eathode potential
desired. Turn the AMMETER RANGE Switeh to 10,000 mame. (10
amperes full seale), and turn on the D.C, OUTPUT Switch. Adjust
the current to a suitable value by turning the VOLTAGE SELEC-
TOR dial and the VARTACQC,

With good stirring a current of 8 amps. may safely be used at
the beginning of the electrolysis. The size of this eurrent will remain
constant for several minutes, depending on the size of the sample
taken, and on other factors. The cathode-.reference cell potential
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i iner cathode becoming more negative) as shown
Wlutfriizig; lﬁg:a:zlt(meter. When the cathode-reference cell volt-
:ge r:aches the limiting value set on the contrf)ls, th.e rela}r will c;lose-,
as indicated by the pilot light, and the-Varlac \'vﬂl 'bc.gm ‘to' 11;11-1::,
decreasing the electrolyzing current. 'l_‘hls operation is '1nte1m1t e?i
the eathode voltage inereasing owing to the decrease.m the me a
jon concentration as the deposition oceurs and'decreasmg eact.l time
the control operates to decrease the electrolyzing current owing to
the dependence of the cathode overvoltage on the _current. '

When the current has been reduced to a value less than 1.0 ampere
the ammeter range may be changed to the 1,000 mamPp. range and
again later it may be changed to the 100 aamPp. range.

Discontinue the electrolysis after the current 1.1as been reduced to
10 to 30 milliamperes. Remove electrolyte and simultaneously wash
the electrodes without interrupting the current.

At the conelusion of the work turn off the vzfcuum tube voltmete.r,
amplifier, and d.c. output. Disconnect the a.c. line cord {necessary in
order to turn off blower). -

Miscellaneous Notes on Operation. In method (a) flbove of con-
necting the apparatus to the electrolysis cell f.our wires from the
call must be used. A jumper from the negative terminal O.f the
D.C. INPUT to the negative terminal of the D'Cf. OQUTPUT 1is not
gatisfactory beeause the vacuum tube voltmeter will 13hen read a:nd
the amplifier respond to the IR drop through the wire eonnecting
the D.C. OUTPUT to the ecathode in addition to the cathode reference
cell potential. . o

The voltmeter in the output cireuit has no essential functl'on in
the operation of the apparatus. Tt measures the voltaltge app}md to
the eathode and the anode, a knowledge of which is occasionally

useful.
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OTHER APPARATUS FOR AUTOMATIC
CATHODE POTENTIAL CONTROL

Besides the Diehl apparatus deseribed in the preceding pages two
other devices have been described for the automatic econtrol of the
cathode potential during an electrolysis.

’I"he. eircuit of Hickling! is particularly ingenious, being all elec-
tromie in nature. Unfortunately the direet current output is limited
to the plate eurrent of a vacuum tube or two such tubes in parallel
and e&t most is only one or two tenths of an ampere so that from a
practical standpoint the device requires further modification.

A second eireuit deseribed by Lingane ? has apparently never been
placed on the market in satisfactory commercial form. It is a partly
mechanical deviee in which the off-balance hetween the cathode calo-
mel potential and the limiting potential set on a potentiometer actu-
ates a contact galvanometer which operating through relays causes a
reversible synchronous motor to turn a variable resistante in the

direct eurrent electrolyzing cireuit. An extermal source of direct

current is required.

:H_iekling, Trans. Faraday Soc., 38, 27 (1942),
Lingane, Ind. Eng. Chem., Anal. Ed.,, 17, 332 (1945),

POLARIZATION

When a current is flowing the potential of the cathode departs
from the equilibrium potential by a value whieh depends on the size
of the current. With increasing current the cathode _potential is
made more negative, thus acting in the same direction as a decrease
in the concentration of the metal ion. Indeed, polarization may be
due in part to a depletion of metal ions in the layer of sclution
jmmediately surrounding the cathode but other factors are also in-
volved. Practically all of the theoretical and experimental studies
by electrochemists on polarization have dealt with the polarization
of hydrogen and of oxygen, in which eases the polarization is known
as overvoliage. .

The polarization where a gas is liberated, that is overvoltage, is
considerably greater than.that of a metal on metal, Since polariza-

“tion depends on the area of the electrode as well as the size of the

current, polarization is reported as a function of the current density,
nsually in amperes per square centimeter. Thus, whereas the over-
voltage of hydrogen on various metals approaches one volt at a cur-
rent density of 0.05 amp. per sg. em., the polarization of copper on
copper is about 0.2 volt at the same current dénsity.

"The polarization of copper on copper was determined during the
deposition of copper from a hydrochlorie acid solution by turning
off the current at various stages of the electrolysis. The stirring was

continued and the cathode-calomel potential measured. Assuming this

B 1o be the reversible cathode potential, true probably to within a few

millivolts, the polarization of eopper on copper was caleulated. The
results are shown in Table II:

Taprn IT. POLARIZATION DURING THE FLECTRODEPOSITION OF COPPER

Curront Cathode-Onlomel Voltage Polarization
Amp. Qurrent On Current Off Volt
4.4 0.339 0.152 0.187
1.6 .388 250 .138
1.0 388 263 A 125
0.50 388 288 100
0.17 .388 .320 : .068

In a somewhat more elegant experiment a fourth electrode, a
platinum wire covered with copper deposited from a hydrochlorie
acid solution, was dipped into the electrolysis eell. The electrolyte
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used was a hydrochlorie acid solution containing hydroxylammoninm

% ide i ; . ition th tentials were measured simultaneousl
| chloride into which was dipped the platinum gauze eathode and position three potentials wer ¥
|

PDuring the de
sly with vacuum tube voltmeters: the cathode-calomel

anode (through which : i and continuou :
: was passed the clecirolyzing current, I), a reference cell potential, the copper-reference cell potential, and the

|

I

I

“\ ; saturated calomel electrode, and a copper covered platinum ’wire-< copper-cathode potential. The course of these potentials during the
| electrodeposition is plotted in Figure 9. The eathode-calomel poten-
tial fell quickly as the platinum became covered with copper, then
more gradually as the eopper was plated out, finally falling to a value
of —0.40 volt after which it was held constant by decreasing the
potential applied to the cathode and anode. The copper-calomel and
copper-cathode potentials are of no great significance during the early
Cue=Gothodali-) E ) § part of the deposition although they do reflect the reduetion of the
80 cuprie ion to the chlorocuprous jon and the depletion of copper ions

i > 4 45 the deposition progressed. Toward the end of the deposition the
Jk 1 I . copper electrode indicates the equilibrium potential of ecopper toward
a solution of echlorocuprous jons to within a few millivolts. The
' ] Eequil. § copper-calomel potential is thus the equilibrium potential and the
\ - copper-cathode potential the polarization. The sum of the two is the

Nl I \_/\ ' 3  cathode-calomel potential.
. \ ] 1t thus appears that in caleulating the cathode potential to which

10.0 00

Er.'n'.»l.

o

-02
to limit an electrolysis to effect the separation of one metal from
another, a simple caleulation of the equilibrium potential from the
§  Nernst equation is not sufficient. To the equilibrium potential must
% be added the polarization potential. Sinee the latter depends on the
4 rate of stirring and on the current as well as on the nature of the
y metal surface, it is apparent that the limiting potential must be
| -03 ‘ established more or less empirically.

The variation of the polarization potential with the nature of
the metal surface also introduces another factor. In an ammoniacal
I . }  solution, the polarization of copper on platinum is lower than that of
i . . : copper on silver. In the separation of silver from eopper by deposi-
| 8 tion from ammoniacal selution (p. 392), if the silver is plated on a

il
o 20 Cothods - Calomeli(+) E ! platinum electrode and toward the end of the electrolysis the level

i ' -0.4 | ; .

H.‘f ; of the solution is raised, ecopper will plate on the bare platinum .

i; : : exposed and the results for silver become high. This error ean be

B ! eliminated by plating the ganze with silver prior to the electrolysis.

: . I . ] ‘

| 0.0, | _ ,
20 :

Cu-Calomel (+) E

4 CGurrent in Amperes. o

(=}

Various Potentials in Volts

. “o - M) 05
Time in Minutes. 30

Fi1eURE 9. Various Potentials and Current Duri it | ;
from a Hydrochlorie Acid Solution. ring the Daposition of Cogper
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THE BROWN ELECTRODE

In a variation in the controlled cathode potential technigue, pro-
posed by D. J. Brown,! the calomel reference electrode is replaced
by a wire of the metal being plated on the cathode. The potential

between the cathode and wire, or Brown electrode, is then measured i

and during the deposition the current is regulated to maintain the
cathode 0.1 to 0.2 volts negative to the wire by snitably regulating
the potential applied to the cathode and anode. The Brown electrode

and cathode are weighed together, any metal having dissolved from |

the Brown electrode being depos1ted on the cathode and the net gain

in weight then giving the amount of metal derived from the solution 3

analyzed. The electrolyzing current is mamtamed until it reaches a
suitably low residual value.

When no wire of the metal is available, theu 4 platinume wne or
for tin a copper wire, is placed in parallel with the cathode and the
cunrrent broken ‘a moment before the wire is used as an auxiliary
electrode. In each case where platinum wire is nsed in parallel a
low potential difference must be used until the wire is covered with
the deposited metal. )

Brown applied this method to the separation of copper from tin
(—0.20 v.), of bismuth from lead (—0.10 v.), of antimony from
tin (—0.15 v). and of tin from cadmium (—0.10 v.), all of the
separations being made from a hydrochlorie acid solution containing
hydm\ylammonlmn chloride. 'The results were execellent.

The theory underlying the Brown electrode is readily understood
from the discussion in the preceding section on polarization and the
accompanying Figure 9. The Brown eclectrode-cathode potential is
the polarization potential, B, Siuce this becomes constant toward
the end of the cleetrolysis it can be nsed to control the deposition
as well as the enstomary reference electrode. Obviously, however, the
limiting Brown potential will also depend on those factors affecting
the polarization, the particular metal 111v01ved the rate of stirring,
and the temperatnre.

tBrown, J. Amer, Chem. Soc., 48, 582 (1928).
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ANODIC REOXIDATION

In the deposition of metals having more than one positive valence,
the electrochemistry involved in the electrolysis may be fairly com-
plex. The deposition of copper is a case in point, the electrochemistry
having been worked out in detail by Diehl and Brouns.?

In a hydrochlorie acid solution the reactions and corresponding
electrode potentials of copper are

Cu™ + e + 3ClI" = CuCl~ E'=+0.51
Cu* + 26~ = (Cu® K® = 40,3448
CuCl® + e~ = Cu® - 3Cl" E°= -0.178

The great alteration of these potentials from the corresponding poten-
tials in a sulfate solution is due to the great stability of the chloro-
cuprous ion, CuCly". It is apparent from these potentials that in a
solution of cupric ion containing hydrechloric acid the reduction at
the cathode will take place stepwise. The cupric ion ( a complex ion
of cupric and chloride forms to only a very slight extent) is reduced
first to the chlorocuprous ion, CuCly®, and the latter is then reduced
to metallic copper. Moreover, the first reaction takes place completely
before the third one begins; as 1s evidenced by the disappearance of
the blue celor before any copper appears on the platinum electrode.

" At the anode the chlorocuprons ion is reoxidized to the cupric ion.

The cupric ion also reacts W1th the copper deposited on the cathode

to dissolve it
Cu*t + Cu® + 6 Cl- = 2CuCl~ K=4X10°

This reaction takes place very rapidly.

Althongh such anodic reoxidation and resolution of deposited
metals has been investigated thoroughly in the ease of copper, it
shonld cceur with any metal having two or more positive valenees,
tin and antimony certainly, and possibly with mercury, bismuth, lead,
nickel, and cobalt.

TFrom a practical viewpoint it is of considerable importance that
any anodie reoxidation of cuprous copper be kept at a minimnm both
to insnre the gnantitative deposition of the copper at the cathode and
to obtain as high a current efficiency as possible to minimize the time
required for the deposition. The ways of reducing or eliminating the
anodic oxidation of the chlorocuprous ion are: (7 ) the use of a redue-
ing agent which will be oxidized in preference to the chloroeuprous
ion; (2) increasing the initial cathode voltage to a valne snfficient to

! Diehl and Brouns, Iowa State College J. Sei., 20, 155 (1045).
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instantly reduce to metallic copper more than half of the chloro-
cuprous ions formed before the latter have been stirred away from
the immediate vicinity of the cathode: (3) isolation of the anode by
means of & membrane or porous cup; (4) reduction of the anode
potential to a value which will not oxidize the chlorceuprous ion.

(1). Use of Reducing Agents. In the case of copper the addition
of stannous chloride to the solution will insure the quantitative deposi-
tion of copper owing to the fact that the stannous ion is more readily
oxidized at the anode than the echlorocuprous ion. Obviously, however,
if the tin is to be determined subsequently, this is not an entirely
desirable procedure. Extra weighings are jinvolved and the tin deter-
mination made by difference from the total must necessarily be some-
what less aceurate. Titanous chloride works very well for the purpose

and permits the determination of tin. A convenient way to obtain the

titanous chloride is to dissolve titanium hydride in hydrochloric aeid.
The direct addition of the titanium hydride to the hydrochloric acid
solution of the eopper reduces the copper to the metal. ‘

Hydroxylammonium chloride and hydrazonium chloride were
found to be too wealk to reduce the copper. Hypophosphorous acid
was very effective but the results obtained for copper were high. The
deposits blackened badly on exposure to air and were obviously im-
pure. Phosphine was evolved toward the end of the deposition and
although it was found that ammonium nitrate prevented the evolution
of phosphine it-is believed that some reduced form of phosphorus was
present in the deposit. -

Preferably, of course, the redueing agent should be strong enough
to reduce the copper to the chlorocuprous ion immediately so that a
smaller quantity of electricity and a shorter time will be required
to deposit the copper. Sufficient reducing agent should be added to
reduce the copper to the euprous state and also to furnish material
for the anode reaction throughout the electrolysis. Stannous chloride
and titanous ion fill the requirements admirably.

(2). Application of a High Initial Cathode Voltage. This is prob-
ably the easiest way of initiating the deposition of copper and of

* maintaining the deposition. A consideration of the electrode poten-

tials given above shows that with respeet to the ease of reduction the
cuprie ion is reduced first to the chlorocuprous ion and that the latter
is further rediced to the metal only at a much higher potential, 0.178
volt. If the cathode potential is sufficiently high some of the cuprie
jon in addition to being reduced to the chlorocuprous ion will be
reduced directly to the metal and indeed if the cathode potential is

~[26]

sufficiently high some of the chlorocuprous ions will be reduced to the
metal. Obvicusly if more than half of the copper has been reduced
directly to the metal the deposition will ultimately be complete in
spite of any anodic reoxidation which may oceur.

In practice the cathode potential must be negative to a saturated
calomel eleetrode by about 0.22 volt for the deposition of copper to
begin and about 0.3 volt for the deposition to continue rapidly. These
potentials eannot be caleulated exactly owing to the polarization
{copper on copper) which amounts to about 0.2 volt at the highest
current employed, although they can be caleulated approximately
from the standard electrode potential and the concentration. Thus,
if the concentration of copper in the solution is about 0.1 M, the
coneentration of chlorocuprous ion in the layer surrounding the
cathode may also be taken as this same concentration, and assuming
the chloride econcentration to be 1 M, the copper should be deposited
at a cathode potential of +-0.178—10.06 = 1 0.12 volt on the hydro-
gen scale or —0.13 volt toward the saturated calomel electrode.
Allowing 0.2 volts for polarization this would mean a cathode poten-
tial of —0.33 for the deposition, a value which experiment has shown
will eause the deposition to proceed rapidly. '

As a matter of fact, with adequate stirring there appears to be
no reason why the current cannot be lifted to a sufficiently high
value, 10 amperes or more if necessary, so long as the cathode poten-
tial does not execeed —.40 volt toward the calomel electrode.

(3). Use of @ Porous Membrane. The use of a porous membrane
in analytical work to isolate the anode from' the solution from which
a metal is being deposited is not new. Sand ® employed a parchment
membrane for the purpose, flushing the entire anolyte into the eatho-
lyte toward the end of the electrolysis. More recently Clarke, Wooten,
and Linke ? used porous alundum thimbles in the design of an appara-
tus for internal electrolysis. The latter type of diaphragm was also -
used by Diehl and Brouuns.! Their apparatus is shown in Figure 10, *

The alundum thimble, 2x19 cm. in size, was of medium porosity,
model RA-84 of the Norton Company. With a 25-cm. head of water
about 2 ml. per minute of water diffused through the tbimble. Thé
t%ﬁmble was conneeted to a reservoir containing the anolyte, a solu-
tlou.containing 5 ml. of hydrochloric acid and 4 g. of hydroxylam-
{noTuum chloride per 100 ml. The platinum gauze anode was placed
Inside the thimble with a platinum wire leading out t‘brough the top

*8and, J. Chem. Soc., 93, 1572 (1908). .
Clarke, Wooten and Lule, Ind. Eng. Chem,, Anal. Ed., 8, 411 (1936).

[27]




T

o8 T

of the reservoir to the electrical contact. A platihum gauze cathode
was placed symmetrically around this anode and a good paddle stirrer
was placed below the electrodes. The catholyte contained about 10 ml.
of hydrochloric acid in 150 ml. of solution and hydroxylammonium
chloride was added in only a few of the determinations made. The
volume of solution increased to over 200 ml. during the course of an
analysis owing to the passage of anolyte through the alundum shell

Polertiometer!

60:/35/

| —Fropelier
C' athode

Skireer

Calorne!
Electrode

Figure 10, Electrodeposition Apparatus Using a Diaphragm with Continuous
Flushing. i

because of the 25 em, head. In all cases the solution first beeame color-
less, indieating reduetion to the euprous state, and then the copper
was deposited at the eathode. About 3 or 4 minutes elapsed before
the copper began to plate. The deposition was complete within ‘30
minutes. The .deposition of the copper was quantitative but the
deposits had a great tendency to darken on exposure to air. The
separation of copper from tin, however, was not satisfactory either
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at a limited potential of —0.40 volt or at the lower value of —0.35
volt. The difficulty obviously lay in the ineffectiveness of the stirring
which was largely up and down parallel to the gauze electrode rather
than through the mesh of the electrode.

In order to improve the stirring efficieney, the apparatus of Fig-
ure 11 was designed. The lead to the anode was brought in through
the bottom of the beaker thus permitting the use of a stirrer which

Potentiomeler

Alerrdurn
" Thimbe

/5
oy Te
| “Ahrode

Gauze,
c‘a?za{

Calormet
Flecirode

Figure 11. Eleetrodeposition Apparatus Using a Dlaphragm with Intermittent
Flushing,

v

straddled the membrane. A length of glass tubing was sealed into the
bottom of a 300-ml. tall form beaker in such a way that a cylindrieal
porous thimble {open at both ends) could he mounted on a rubber
stopper. A reservoir eontaining the anolyte was attached and elee-
trical contact to the anode was made through the reservoir. The
be:akf:r was raised into position around the eathode and stirrer. The
stirring efficieney obtained with this apparatus was exceptionally high
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“but was obtained at the expense of the continuous flushing of the
anode compartment obtained in the apparatus of Figure 10. It was
soon found that eonsiderable copper was lost through the diaphragm,
even though the anode compartment was frequently flushed out by
raising the reservoir and causing the thimble to overflow. Trouble
was also experienced in the depletion of the depolarizer in the rela-
tively small volume of the anolyte and the subsequent attack of the

anode leading to deposition of platinum on the cathode. The resulis .

obtained with this apparatus were erratic in character and generally
low although the separation of copper from tin was satisfactory.

Work with a diaphragm was given up because it was felt that
that apparatus was getting needlessly complex. A simple diaphragm
apparatus which would permit continuous flushing of the anolyte
into the catholyte and allow vigorous stirring would, however, be
advantageous in speeding up the electrolysis since a very high current
efficiency, at least 95 per cent, can be obtained.

(4). Reduction of Anode Potential by Choice of Anode Material.
Lingane # used a silver anode to prevent the anodic oxidation of bis-
muth in an acid tartrate solution, using enough ehloride to obtain
a layer of silver chloride on the anode. He pointed out that the
“oxidation potential of the silver chloride electrode is about a volt less
positive than that of the platinum-oxygen electrode.

The standard electrode potential of the silver-silver chloride elec-
trode is 4-0.22 volt, so that it is apparent that oxidation of the
chloroeuprous ion will not oceur because the potential of the eouple
Cu*, CuCl," is 4-0.51 volt. In as much as an amount of gilver chloride
will be formed equivalent to the metal deposited and as the amount
of copper is large, 0.3 to 1.0 g., it is apparent that a large surface
area of silver is needed. In work by Diehl and Brouns® a c¢ylindrical
silver foil 4.5 em. in height and 6.5 em. in diameter was used as anode,
being placed concentrically about the usual platinum eathode. Vig-
orous stirring was supplied by a rotating platinum gauze placed at
the center. The electrolyte was prepared by dissolving 0.5 g. of copper
in 10 ml. of hydrochloric acid with the addition of a Iittle nitrie acid.
After dilution the copper was reduced by the addition of hydroxyl-
ammonium chloride and careful neutralization with ammonia. The
precipitate of cuprous hydroxide was then dissolved in hydrochloric
acid and 10 ml of hydrochloric acid in excess added. Tt was ob-
served that the deposition of copper began at a lower applied voltage
(cathode-anode voltage) than with the usual platmum anode and that

*Lingane, Ind. Eng. Chem., Anal. Ed., 16, 149 (1944),
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no reoxidation of copper occurred as indicated by the absence of any
blue color. Some silver was found in the copper deposit, however,
and the silver chloride formed flaked off the anode and either settled
to the bottom or became lodged in the mesh of the platinum cathode.
The tendency of the silver chloride to fall from the electrode could
not be overcome by thorough preliminary eleaning or by modifying
the rate of stirring.

The solubility of silver chloride in hydrochloric acid of the eon-
centration used, ecoupled with the large amount of silver chloride
formed, alters the problem cousiderably from that of Lingane who

“worked in solutions containing only a small amount of ehloride and

relatively little metal.
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SILVER

Apt+ e = Ag® E° = 40,799
Ag(NH;):* + ¢ = Ag® + 2NH, E*=+0.374

Silver may be deposited from an ammoniacal or alkaline eyanide
solution. It fends to form.large, loose erystals when deposited from
nitric acid solution so that such a solution is not satisfactory for the
quantitative determination of more than small amounts of silver. The
deposits from ammonia or cyanide solutions are bright, smooth, and
adherent.

The separation of silver from eopper may be effeeted in ammonical
or alkaline eyanide solutions. Miller * applied the deposition from
ammoniaeal solutions to the determination of silver in silver-copper
alloys, arbitrarily limiting the current to 0.4 ampere throughout the
electrolysis. Miller found that some metallie silver appeared in the
solution and that the addition of hydrogen peroxide toward the end
of the eleetrolysis effected the resolution of the silver and insured
its ultimate deposition on the eathode. Miller used a platinum gauze
cathode of about 100 sq. cm. area and a spiral-shaped platinum wire
anode. By stirring the solution adequately he found that only silver
was deposited. Although Miller states that with sufficient stirring the
eurrent may be safely doubled, the permissible eurrent will depend on
the sizes of the eleetrodes employed and the manner of stirring.

If attention is paid to the cathode potential the eurrent may be
greatly inereased, any snitable electrode pair used,? and the time of
eleetrolysis materially decreased. Caleulation, based on the standard
reduction potential of the diammine silver ion given above and the
following potentials of the various copper ions involved

Cu(NH)** + o= Cu(NH)s* + 2NH,  B° = +0.00

Cu(NH;)/* 4+ 2= Cu® + 4NH, ° = +0.05

Cu(NIL)* + ¢ = Cu® + 2NH; i° = —0,11
indieates that the silver coneentration ean be redueced to aboit
7.6x10"" before eopper should plate. This assumes that the diam-
mino euprous ion eoncentration is one molar and in praectice it would
be mueh less, favoring the separation even more. Tt assumes also
that the ammonia concentration is one molar and that the polarization
of silver on silver is negligible. The first assumption is not bad sinee
the amount of exeess ammonia added in the Miller procedure approxi-
mates one molar. The polarization, however, toward the end of the

} Miller, Ind. Eng. Chem., Anal, Bd., 8, 431 (1936),
“Rhees and Diehl, unpublished work, :

electrolysis is of the order of 0.1 volt which would indicate that the =
separation would be less effective by a concentration factor of ten
or 50, )

Experience proved that the separation was actually very satis-
factory, as Miller indicated, but by employing the graded ecathode
potential method currents as high as 2.5 amp. eould be used. The
cathode potential was limited to —0.1 volt toward the saturated
calomel eleetrode during the early part of the electrolysis and raised
to —0.20 toward the end. As Miller reported, a suspension of metal-
lic silver appeared in the solution during the electrolysis and it was

‘neeessary to add hydrogen peroxide to redissolve this silver before

completing the deposition. The formation of this metallie silver prob-
ably is eaused by the reduetion of the diammino silver ion by the
diammine euprous ion, also formed by reduetion at the eathode. The
addition of hydrogen peroxide eauses the eathode potential to drop
to about —0.11 volt after which the eathode potential rises as the
peroxide is decomposed. The standard reduetion potential of hydro-
gen peroxide is +0.87 so that the hydrogen peroxide is oxidized
before or at least concommitantly with the deposition of the silver
and nothing is gained by adding it at the beginning of the elee-
trolysis. The presence of a large amount of nitrate materially redueed
the amount of silver formed and even made unnesessary the addition
of hydrogen peroxide.

In eertain determinations in which the eathode-ealomel potential
was above —0.20 volt, when the hydrogen peroxide was added to
redissolve the preecipitated silver the upper rim and stem of the bare
platinum eleetrode beeame immersed in the solution and on this bright

‘platinum eopper deposited even though not all of the silver had been

removed from the solution. It appeared that the polarization of
copper on platinum is less than that of copper on silver, It was
therefore necessary to plate the platinum eathode completely with
silver before beginning the eleetrolysis. If the entire deposition is .
carried out at a cathode-saturated calomel potential less than —0.2

“volt this is not 1eeessary.




COPPER

E° = 40,3448
° = +0.178
o= —{.11

© Cut 4 2e"=Cu°
CuCL™ + e~ = Cu® 4+ 3CI-
Cu(NH;):* + e = Cu" + 2NH,

The first of these potentials is applieable to sulfate, nitrate, and
perchlorate solutions in whieh no ecomplex ions of copper are present.
Deposition from solutions containing chloride or free ammonia pro-
ceed stepwise, the cuprie. ions being redneed to the complex cuprous
ions and the latter then reduced to the metal.

Deposition from o Sulfate-Nitrate Soluiion. Copper is most com-
mouly deposited from a sulfate-nitrate solution, the solution comn-
taining about 2 ml. of conecentrated sulfurie acid and 1 mi. of ‘nitrie
acid per 200 ml. of solution. The presence of ammonium nitrate,
abont 1 g., has a beneficial effeet on the character of the deposit,
acting probably as a cathodic depolarizer preventing the evolution
of hydrogen. The determination of copper in brass and bronze is
always made after the removal of tin and lead, and because the zine
and traces of iron, manganese, and aluminum remaining do not
interfere with the deposition of copper from acid solution, the elee-
trodeposition is made without coutrolling the eathode potential.

The standard potential of copper in a sulfate, nitrate, or per-
chlorate solution, in which no complex ions are present, is

Cu*™ + 2¢- = Cn® E° == + 10,3448

Assuming [Cu**] = 10-° as representing a negligible amount of cop-
per remaining in solution at the end of an electrodeposition, a cathode

voltage of 0.059

E=+0.3448 +

log 10" = +0.171

(on the hydrogen scale) shonld ensure quantitative deposition. To-
ward the mercurous sulfate saturated potassium sulfate half cell,
E° = 0.65, this would be a voltage of —0.48,

Deposition from an aeid, sulfate-nitrate solution without control
of the cathode potential effeets the separation of copper from nickel,
and the metals above it in the electromotive series, .such as cobalt,
cadmium, zine, manganese, alnminum, and the alkali, and alkaline
earth metals. - The separation of copper from these metals sueceeds
because the deposition of hydrogen follows the deposition .of the
copper and continues as long as the solution remains acid. Ori con-
tinned eleetrolysis of a nitrate solution the solution may beeome
alkaline owing to the reduction of nitrate to ammonia and then
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other metals may deposit and the copper redissolve. owing to oxida-
tion hy air and the stability of the cupric ammonia conmtplex,
Deposition from a Chloride Solution. It is impossible to deposit
eopper in good eondition from a simple solutipn of cupric chloride
acidified with hydrochlorie acid, but in the presence of suitable redue-
ing agents copper can be deposited in excellent form. This was first
studied hy Schoch and Brown * who added hydroxylammonium chlo-
ride to the solution to prevent the evolution of chlorine at the anode
ginee the evolution of chlorine would attack the platinum anode and

. being stirred into the solution have a deleterious effect on the copper

deposited on the cathode. The sitnation is much more complex, how-

- éver, than was originally supposed by Schoch and Brown? or by the

later workers, Lassieur? and Torrance.® The electrochemistry was
worked out in detail by Diehl and Brouns* in connection with the
separation of copper from tin. Unlike the electrodeposition of copper
from a sulfate-nitrate solution where the copper is deposited direetly
from the cupric state, the deposition of copper from a chloride solu-
tion is essentially a two-step process, the copper first being reduced
to the cuprous state. This reduction takes place almost completely
hefore the deposition of metallic copper begins as is evideuneed by
the almost complete disappearance of the blue color of the cuprie ion.
This phenomenon is due to the formation of the very stable complex

‘fons CuCl,” and CuCly". The standard electrode potential of the

couples Cu*,Cu* (B° = 4-0.167), and Cu*,Cu® (E° — -+ 0.522) do not

apply in this casc since they were determined in sulfate and per-

chlorate solutions in which no ecomplex ion formation is involved.
According to Bodlinder and Storbeck ® the CuCl,” ion is present

in solutions of chloride eoncentration up to 0.4 M and the CuCl;” ion

above 0.4 M. From various data which he assembled Latimer ® hag
calculated the constant for the dissociation

CuCl: = Cu* 4+ 2C1- K=29X10"°

from whieh in tnrn he caleulated the normal electrode potential for .
- the reaction

CuCl,"+ e =Cu® + 2CI- E*= 410,19

Inasmuch as the determination of copper from a chloride solution is
- made-from a chloride concentration of about one molar, a more satis-

! *Bcehoch and Brown, Trans. dmer. Eleetrochem. Soc., 22, 265 (1913); J. Amer.
em. Soc. 38, 1660 (1916).
-aLasmeur, Bull. soe, chim., 39, 1167 {19286).
- Torrance, dnalyst, 62, 710 (1937).
3 Diehl and Brouns, fowa State College J. Sci., 20, 155 (1945),
.~ Bodlinder and Storbeck, 2. anorg. Chem., 31, 1 (1902).
Tatimer ¢¢ QOxidation Potentials’? Prentice Hall, New York, 1938, p. 171.
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factory value was caleulated by Diehl and Brouns ¢ on the assumption
that the complex ion present is CuCly". Using the data of Bodlinder
and Storbeck® for the solubility of cuprous chloride in 1 M potassium
chloride and the solubility product of cuprous chloride, 1.85 X 10=7,
the constants were caleulated for the reactions
| CuOlF=Cu* + 301 K =1.23 X 10-°

CuCly™ 4- = (i® 4~ 3C1- E°=+0.178
Using the couples Cut Cue® (Ee = +0.3448) and CuCl,-,Cu® (Ro =
+-0.19) the standard potential was ealcnlated for the reaction :

Cu** + 2Cl- 4+ e~ = CuQl- ° = +4-0.50
and similarly

Cu™ 4- 3 Cl" + e~ = CuCly L= +051
Thus, it is readily apparent why the reduetion of cupric ehloride in
chioride solutions goes stepwise with eomplete reduction to the euprous
state as the first step. This is the case irrespective of whether the
complex ion present is CuCl,” or CuCly" or both simultaneously as
discussed in a more eomplicated treatment by Chang and Cha 7 of the
solubility of euprous ehloride in hydroehlorie acid solutions.

Adopting as a satisfactory value for the couple CuCl5,Cu® Be=

+0.178 using a chloride coneentration 1 M and using a conecentration
of 10°% M as a sufficiently small value for the ¢Opper remaining in solu-
tion after the deposition, application of the Nernst equation yields the
cathode potential at which complete deposition will oceur:
' BT [OFP

E=E - pt" -
nF 1 [CuCly"]

: 1
=0.178 — 0.059log——
£ 10-°

= 0.178 — 0.354 = — 0.176

or referred to a saturated calomel electrode (E°==4-0.2456) a eath-
ode voltage of —0.4929, BExperimentally it has been found that com-
plete deposition ean be secured at g cathode voltage somewhat less
than this, e.g., at —0.39. .

Anodic Reozidation Involved in the Deposition of Copper from
Chloride Solution. Schoch and Brown,' who first carried ont the
deposition of copper from a chloride solution, reported frequent
trouble in the failure of copper to platc and attributed the difficulty
to the introduction of an excess of nitrie acid dnring the process of
dissolving the metal. Diehl and Bronns * encountered the same diff-
culty; indeed, they found that occasionally the deposit, after lhaving

" Chang and Cha, J. Chinese Chem. Soc., 2, 298 (1934).
[26] '

once formed, would redissolve. As the result of a careful study of the
electrochemistry involved they explained the eause of the trouble and
devised ways of overcoming the difficulty.

As explained above the deposition of copper from a chloride solu-
tion proceeds stepwise owing to the great stability of the chlorocu-
prous complex ion CuCl;”. The chlorocuprous ion can be not only
reduced at the cathode but can also be oxidized at the anode. The
cupric lons so formed, being stirred about, react with the metallic
copper on the cathode to dissolve it:

Cu** + Cu® + 6 C1" = 2 Cu0I1~

Thus, unless the reduction of the chlorocuprous ion at the cathode

proeecds more rapidly than its oxidation at the anode the deposition
ean never be complete, or may not oceur at all. If the eopper is
reduced eompletely to the cuprous state prior to the electrolysis, the
deposition of the metallie eopper from the colorless solution of the
chloroeuprous ions begins immediately but even in this case the depo-
sition of metallie eopper may not be complete, the solution quickly
becoming blue because of eupric jon formed and the deposit of metal-
lie copper either redissolving or reaching a more or less equilibrium
state.

By combining the standard electrode potentials of the conples

. Cu+,CuCly" (B0 == +0.51) and CuCl,~, Cue® (E° = 4-0.178) the equi-

librium constant was caleulated for the reaction
[CuCl=]2
“ ° 4+ 6CI" = 2CuCl® E=——_ - _=4Xx10°
Cu** + Cu° + 6 C uCl [Ca ] [OF T

Obviously this reaction proceeds almost completely to the right. In
addition, the rate at which the reaction occurs is startling. Indeed,
the reaction is used for the preparation of cuprous chloride. Imei-
dentally, the corresponding reaction in a sulfate, nitrate, or perchlo-
rate solution proceeds hardly at all

[Cu*]®

[Cu*]

Cu*t + Cu®=2(Cu* K= =1X10"

Four ways exist of eliminating the anodic reoxidation of the
copper and the solvent action of cuprie ion on the metallic copper:

(1) the addition of a reducing agent which will be oxidized in pref-

erence to the chlorocuprous iom, (2) inereasing the initial cathode
voltage to a value sufficient to instantly reduce to metallic copper
more than half of the chloroeuprous ions formed before the latter
have been stirred away from the immediate vicinity of the cathode,
(3) isolatéon of the anode by means of a membrane or porous cup,
and (4) rednction of the anode potential to a value which will not
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oxidize the chlorocuprous ion. These methods were discussed in
detail on p. 25. In the Present case a combination of methods (1)
and (2) is sufficient to insure the eomplete and rapid deposition of
the copper. Stannous tin, either added as stanpnous chloride or per-
haps present in the solution from the material being analyzed, serves
well as the redueing agent. The standard potential of the couple
B+, 8n°(1 M HC1) Be = +0.14 is well above that of the couple
Cu*,CuCl,” B° = 4051 so that the stannous tin will be oxidized
in preference to the chlorocuprous ion. Ou the other hand the redue-

tion of stannic to stannous tin will oeenr more or lesg coneurrently

with the deposition of copper, depending on the coneentrations, the

couples involved being

Bt Sntt (1 o HCD
CuCls, Cn®

B =014

L= 4+0.178

so that as long as tin ig present stannous tin will be available to
prevent the anodie oxidation of the ehlorocuprous ion.

The effect of a ‘high initial cathode potential is apparent from
the values of the couples Cu*, CuCl=E° = +0.51 and CuCL= Cue
E°= 40178, If the cathode voltage exceeds +0.178 (on the hydro-
gen scale) or —0.068 toward a saturated calomel electrode the copper,
at least in part, should undergo reduction all the way to the metal,
In an actual determination where the initial concentration of the
copper is more nearly 0.1 M than 1 M and where polarization is in-
volved of the order of 0.15 v, the actual initial cathode voltage at
whiceh copper begins to deposit is about —0.22 toward the saturated
calomel electrode. Below this, copper may not deposit at all and will
be incomplete, in any case, owing to the anodie reoxidation phenom-
enon discussed above. Obviously if more than half of the copper
reduced to the chlorocuprous ion is immediately reduced further to

the metal, deposition will ultimately be eomplete irrespective of
anodic reoxidation.

In the proeedure given below for the direet determination of copper in bronze *

advantage is taken of both of these techniques of minimizing anodie reoxidation,

The Separation of Copper from Tin i Chloride Solution. The
electrochemistry of tin and the values of the various tin couples are
discussed on p. 47. The couples of importance in the separation of
copper from tin are :

Sn™,8n™ (1 2 HOD
Sn',8n° (1 M HQI)

B =014
E*=_—019

As caleulated above the deposition of eopper from a solution 1 M in
chloride should be complete at a eathode voltage of —0.176 (—0.422
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toward the saturated calomel electrode). Assuming the tin to have
a concentration of 0.1 M, a value greater than would be encountered
in analytical work, deposition of tin should begin at —0.22 (—0.47
toward the saturated calomel electrode) allowing ample potential
difference to effeet a clean cut separation of copper from tin. This
has been confirmed experimentally; it has been found, indeed, that
a complete deposition of copper can be secured at a cathode-calomel
potential of —0.39 v. It should be noted that the value usually
given for the eouple Sn**,Sn® B° = —0.136 applies to sulfate and per-
chlorate solutions and not to the chloride solution being employed.

Procedure for the Direct Determination of Copper in Bronze. (Diehl and
Brouns ), Weigh out acenrately into a 300-ml tall form beaker 0.5 to 1.0 g. of
sample. Add 10 ml. of coneentrated hydrochlorie aeid, heat, and eause the sample
to dissolve by the dropwise addition of nitrie acid, Aveid adding an exeess of
nitrie aeid, When the sample has dissolved, wash the eover glass and beaker, add
20 ml, of concentrated hydrochloric acid and 4 g. of hydroxylammenium ehloride.

Dilute the solution to 225 to 250 ml. and electrolyze with vigorous stirring
using a limited eathode potential of —0.40 ‘v, againat a saturated ealomel elec-
trode. The eurrent should have an initial value of at least 8 amp. so that the initial
cathode potential quickly reaches a value of at least —0.830 v. Copper may not
deposit for several minutes after the electrolysis is started and the saturated ealo-
mel cell may be negative to the eathode at the start, Copper will begie to plate
when the cathode becomes negative to the saturated calomel cell about 0.2 v,
Flush out the calomel eell if it is not the type having an agar gel salt bridge and
wash down the walls of the beaker onee or twice during the electrolysis. Continue
the eleetrolysis until the eurrent has heen deereased o about 0.03 amp. Complete
the determination in the umial manner, removing the electrolyte before turning
off the current. Wash the deposit of eopper with water and then with aleohol and
dry at e temperature not exceeding 100° for ten minutes.

Ag an alternative method of dissolving the sample to avoid the introduetion of
nitrate, the following modification, devised by Professor H. I, Willard, may be
wsed. Waeigh out aceurately into a 800-ml. tall form beaker, 0.5 to 1.0 g. of sample,
Add 10 ml. of concentrated hydrochlorie neid and 5 ml. of water. Add, 1 ml, at a
time, 5 ml of 30 per eent hydrogen peroxide {Superoxol). Considerable heat is
generated and if the peroxide is added too rapidly the action will become too
violent; wait until the reaction moderates before adding the next portion. The
acid-peroxide mixture will dissolve the sample only if the solution does not become

too hot. It may be necessary to cool the mixture during the disselution Process

by immersing the beaker in cold water. It can all be added within about 5 or G
minutes. By thig time the sample will have practically all dissolved. Boil gently
until the excess of peroxide is decomposed, which will require about five minutes,
and will be indieated by the absence of small bubbles. By this time solution will
be complete, Add 25 ml. of water and 4 g. of hydroxylammonium chloride, Keep
the solution just below the boiling point for 5 or 10 minutes, until the green
color which becomes dark at first is mueh lighter, indicating considerable redue-
tion to the cuprous state. Add 5 ml of coneentrated hydrochlorie acid, Dilute the

" solution and proceed with the clectrolysis as above in the second paragraph.
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This method was tested on Burean of Standards Samples No, 37, 52, and 62.
The results were excellent. The eurrent cffieiency in these separations was some-
what over 60 per cent if sufficient stannous tin was added to reduce the copper
to the cuprous state prior te the electrolysis, The total time involved in g deter-
mination depended on the size of the sample taken; using o 0.5 g. sample the
determination was completed in 40 minutes, '

The Separation of Copper from Antimony, Antimony is deposited
completely with copper from a hot, hydrochlorie aeicl solution eon-
taining hydroxylammonium ehloride as anodie depolarizer. Use was
made of this by Schoch and Brown * for the separation of copper plus
antimony from tin and lead. The eleetrolysis was carried out at a
temperature of 60° and the cathode potential limited to —0.40 volt
toward a normal calome] electrode until the current had fallen to 0.1
ampere after which it was allowed to rise to —0.50 volt. The eleetrode
with the deposit of copper aud antimony was weighed and the deposit
was dissolved in dilute nitrie aeid in the Presenece of 10 g. of tartarie
acid. Then the eopper was deposited at a temperature of 20° with the
cathode potential Yimited to ~—0.30 volt during the major part of the
electrolysis and allowed to rise to —0.65 at the end. The copper
deposit was excellent in eolor. The weight of the antimony was ob-
tained by substracting the weight of the second deposit from the first,
The lead (or tin) still in the first electrolyte wag determined by
deposition on 5 copper plated electrode, Thig procedure was tested on
mixtures of known amonnts of copper, antimony, lead, and tin and
the results were very good,

Bismuth is algo deposited simultaneously with copper and anti-
mony if present. Schoch and Brown® ghowed that the separation of
the three from tin aud lead was eomplete but the subsequent deter-
mination of the copper plus the bismuth by deposition from the uitrie
acid-tartrate bath (as well as from a hydrochloric aeid bath in the
cold) did not give a clean eut separation from antimony.

The Schoch and Brown procedure for the separation of copper
from antimony by deposition from ga tartrate solution has recently
been studied by Lingane ? _

Another procedure for the separation of copper from antimony is
based on the conversion of the autimony to a pentavalent fluoride
from whieh the antimony is not deposited nnder the conditions needed
for copper. Use was made of this in the analysis of antimony bearing
bronze by Lassieur ® and later by Lindsey and Sand ** and by Tor-

® Lingane, Ind. Eng. Chem., Anal, Ed., 17, 640 (1945),
? Lassieur, Electroanalyse, Parts, 1927, p. 101,
¥ Lindsey and Band, dnalys, 59, 328 (1934).
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rance.** The copper-antimony deposit was dissolved in a mixture of
nitrie and hydrofluoric aeids, the antimony oxidized to the pentav:flle‘nt
state with bichromate and the ecopper deposited electrolytically, limit-
ing the eathode potential to —0.4 volt toward a saturated calomel
electrode. The procedure for carrying this out is given on p. 39.

** Torrance, dnalyst, 62, 719 (1937).
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BISMUTH

E* = 4-0.32
E0=+40.16

BiO* 4 2H* 4 3¢ =Bi" + H:0
BiClr+ 8¢~ =Bi* + 401~

The first of these potentials is based On measuréments on a per-
ehlorie acid solution in which there are presumably no eomplex ions
of bismuth present.

The most recent work on the electroanalysis of bismuth has been’

done by Kny-Jones,1:23 using eontrolled eathode potential methods.
Deposition from chloride solutions is unsatisfactory even in the pres-
ence of hydroxylammonium chloride as depolarizer. The-deposits are
spongy and not weighable, It is difficult to eontrol the cathode poten-
tial at the start of the electrolysis, possibly owing to the formation of
oxychloride in the cathode layer. Kny-Jones found that the addition
of oxalie acid, which is a solvent for bismuth oxychloride, made it
possible to control the eathode potential so that good adherent deposits
were obtained.
) Kny-Jones? found also that the deposition of bismuth from sulfate
and nitrate solution suceeceded well if the cathode potential was eon-
trolied. The presence of chlorides lead to poor, nonadherent deposits,
In an early method proposed by Sand* bismuth was separated
from eopper in a cyanide solution in which the copper is present as
& double eyanide, in which form a very high potential is required
for its deposition. The electrolysis was carried out in an alkaline
cyanide solution at 80°, tartrate being added to keep the bismuth in
solution, It was necessary to add formaldehyde to prevent the forma-
tion of bismuth pentoxide on the anode. Sand reported that the depo-
sitions tended to be erratic from these cyanide solutions, possibly
owing to anodie polymerization. Later Kny-Jones 3 studied this. pro-
cedure and found that formaidehyde eaused a blackening of the
solution owing to the formation of colloidal bismuth. After investi-
gating a number of reducing agents he recommended hydroxylam-
monium salts as alone being suitable. Equally good deposits were
obtained from echloride and nitrate solutions on the addition of
tartrate. By always controlling the ecathode potential Kny-Jones
obtained reproducible results. A solution containing cyanide attacks
the platinum of the electrodes but by keeping the amount of added
eyanide low Kny-Jones found the attack was not serious; the cathode

» Kny-Jones, Analyst, 64, 172 {1939),
 Kny-Jones, dnalyst, 64, 575 (1039).
*Kny-Jones, dnalyst, 66, 101 (1941),
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lost less than 0.5 mg. when 2 g. of potassium cyanide was present in
about 100 ml. of electrolyte. The logs appeared to be due to the dis-
solving and redepositing of platinum, which was afterward lost in
cleaning the eathode and had therefore no effect on the results of the
analysis. The deposits obtained were of good appearance and adhered
well to the eleetrode. Working details for the Kny-Jones® tartrate-
cyanide procedure are reproduced below.,

Bismuth may also be deposited from a nitrate solution and in this
way separated from lead. Collin ® recommended hydrazine hydrate
as an anodic depolarizer in preference to glucose, tartarie acid, and
hydroxylammonium salts, in that it ean be easily destroyed following
the eleetrolysis and the lead in the residual solution then deposited as

the dioxide.

Procedure for the Deposition of Bismutk from Chloride-Oxalate Solution.
(Eny-Jones?). Add sufficient concentrated hydrochloric acid to make the solution
about 20 per cent in hydrochloric acid. Add 5 g. of oxalie acid, 0.5 g. of hydrazine
hydrochloride as depolarizer and dilute to 100 ml Carry out the electrolysis at
B0® to 85°. Regulate the eurrent to give a cathode-saturated .calomel electrode
potential of ~~0.15 to —0,17 v. (with higler initial potentials, up to —0.20 v,
deposits tend to become non-adherent)., When the corrent has fallen to a small
valug, raise the potential in steps of about 0.02 v. to a final value of —0.25 to
—0.30 v.

Kny-Jones reported six determinations of bismuth by this method on amounts
ranging from 0.10 to 0.25 g, of bismuth with an averzge deviation of 0.8 mg.
He reported also that a Brown wire electrode can be used in this case, The identi-
cal procedure was used for the separation of bismuth in amounts from 0.1-to
0.28 g. from fin up to 0.25 g and from lead up to 0.10 g. separately and to-
gother; the average and maximum deviations were respectively 0.3 mg, and 0.8
mg. of bismuth.

The same procedure was applied to the determination of bismuth in bismuth-
tin-lead alloys used in the manufaceture of sprinkler heads, The procedure follows:

Disgolve 0.4 g. to 0.45 g. of the bismuth-tin-lead alloy in 1 to 2 ml. of econcen-
trated nitric aeid. After the reaction has subsided in violence, add 10 ml. of
eoncentrated hydrochloric acid and dilute te 100 ml. Add 5 g. of oxalie acid and
0.5 g, of hydrazonium chloride. Heat to 80° to 85° and electrolyze .28 above.

Eight analyses were reported on alloys containing up to 50 per cent bismuth,
0.4 g, samples; the average and maximum deviations were 0.4 mg. and 0.8 mg,
respectively.

Procedure for the Deposition of Bismuth from Sulfate Solution, (Eny-Jones*).
solve the sample in 10 ml. of sulfurie acid and 1 ml of nitrie acid, heating
to effect the dissolution. Cool the solution and dilute with water so that 20 to 25
ml, of sulfurie neid are bresent per 100 ml. Add 1 g. of hydrazonium sulfate as

7 depolarizer, Heat the solution to 100° and electrolyze, using an initial potential

of 0.055 v. toward » saturated calomel electrode. When the current has fallen to

‘8and, J. Chem, Soc., 91, 373 (1907).
* Collin, dnalyst, 54, 654 (1929).
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a small value raise the cathode potential in two or three steps to 0.15 v. Discon-
tinwe the electrolysis when the eurrent has fallen to zero under this potential.

Kny-Jones reported seven determinations by this method om amounts of bis-
muth up to 0.25 g.; the average deviation was 0.27 mg. of bismuth and the
maximum deviation 0.7 mg. The deposits were ‘of good appearance and ad-
hered well to the electrode.’’

Procedure for the Deposition of Bismuth from Tartrate Solution, (Eny-
Jones®), To the chloride or nitrate solution add an exeess of sodium hydroxide
and redissolve the precipitated bismuth hydroxide Ly adding 2 to 3 g. of sodium
hydrogen tartrate. The addition of potassium ¢yanide appears to be optional.

Dilute the solution to about 100 ml and add 1 g- of hydroxyammonium sulfate..

Eleetrolyze at 75°. Use a saturated calomel reference electrode with a 50 per
eent sodium nitrate conneetion, limiting the potential to 0.76 v, When the current
- hag fallen to zero, raise the cathode-ealomel potential in three steps to —0.90 v.
Discontinue the electrolysis when the eurrent has fallen to zero at this potential.

Kny-Jones reported eleven determinations by this proeedurs on amounts of
bismuth up to 0.25 g.; the maximum error was 0.4 mg. and the average deviation
0.15 mg. The maximum time required was twenty-five minutes.

Procedure for the Separation of Bismuth from Copper. Make the nitrate
solution of the copper and Lismuth alkaline by the addition of 3 . of sodium
hydroxide. Redissolve the precipitated bismuth hydroxide by the addition of 2 g.
of sodium hydrogen tartrate. Convert the basie copper precipitate into the double
eyanide by adding solid potassinm cyanide to the cold solution until it becomes
colorless, 2 to 3 g. being required. Treat the solution as deseribed abeve for the
deposition of bismuth, .

Kny-Jones reported five separations of bismuth in amounts varying from 0.09
g. to 0.23 g. from up to 0.5 g. of copper, the maximum deviation being 0.4 mg,
and tbe average deviation 0.2 mg. of bismuth.

Procedure for the Separation of Bismuth from TLead. {Collin ®). Dilute the
solution of tin and lead, present as nitrates, to 60 ml. Add 3 ml. oxcess of nitrie
aeid and 4 or 5 drops of 50 per cent hydrazonium hydroxide. Heat to 80° to 85°

and electrolyze, limiting the eathode potential to 0.45 v, negative to the 0.01 N i

nitrie aeid-quinhydrone electrode at the start and raising the potential to —0.6 v.
at the end, After the removal of the bismuth add 50 per cent sodium hydroxide

to the solution while still hot until the preeipitated lead hydroxide has just rodia-.

solved, Add sodium peroxide in small quantities and heat the solution until all
brown fumes and precipitate have cleared. Continue the addition of sodinm

peroxide until the last portion produces no further brown fuines. Heat the solution.

gently for about five minutes and then eool somewhat, Aeidify with concentrated
nitrie acid, add 20 ml in excess and dilute to 120 ml. Heat to 90° to 95° and
oleetrolyze with a current of 6 to 6.5 amp. Dry the deposit by dipping in alechol
and then ether and holding it at some distance albove a Bunsen flame. For cal-
culating the results use as the faetor for Pb 0.8660 for amounts of lead up to 0.1
g., 0.8635 for 0.1 to 0.4 g., and 0.8605 for 0.4 to 0.5 g. of lead.

Collin reported six separations by this method on amounts of bismuth from
0.1 to 0.4 g. and of lead from 0.2 to 0.4 g. The averzge and maximum deviation
on the results for bismuth were 0.5 and 1.0 mg, of bismuth respectively; for lead
the corresponding figures were 0.5 and 1.0 mg, of lead. ‘
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ANTIMONY
Sho* + 2H* + 3¢ = Sb° 4 H.0

Antimony may be deposited from a hydroehlorie aeid solution con-
taining hydroxylammonium chloride in satisfactory form only if the
temperature is maintained from 50° to 70° and the cathode potential
is not allowed to exeeed —0.40 volt toward a saturated calomel elee-
trode.! In this manner antimony may be separated from tin. Schoch
and Brown used a solution containing 15 ml. of coneentrated hydro-
chloric acid and 4 g. of hydroxylammonium chloride per 200 ml. of

5" = 4 0.212

' solution. Their results for antimony on mixtures of tin and antimeny

up to 0.5 g. of each were excellent, the average deviation on eight
analyses being 0.3 mg. The results for tin in the remaining electrolyte
were not quite so satisfactory but they coneluded that the method *‘is
evidently to be preferred to the tedious gravimetrie separation of
these two metals.”’

Deposition from a hydrochlorie acid solution is not a separation of
antimony from copper or bismuth, although the latter elements may
be separated from antimony if the latter is converted to a tartrate or
to antimonie fluoride. This is diseussed under eopper, p. 40,

! Schoeh and Brown, J. Amer. Chem. Soc., 38, 1673 (1916).




LEAD

Pb** + 2¢- = Pp° B =r0.126

Lead may be deposited on the cathode as the metal from a hydro-
chlorie acid solution at 60° to 70° if a reducing agent be present,
Schoch and Brown * found that oxalie acid, hydroxylammonjum chlo-
ride or formaldehyde could be used as the reducing agent. The lead
was deposited on a copper plated platinum electrode. The average
deviation of ten results reported by Schoch and Brown on amounts
of lead as high as 0.66 g. was 0.3 mg. Schoech and Brown felt that
the method was more reliable than the deposition of lead dioxide at
the anode. Sand, however, thought that the deposition of the oxide
was preferable.? .

The deposition of lead from hydroehloric acid solution is not a
separation of lead from tin inasmuch as the potentials at which each

- is deposited lie too closely together. On this account, and because
these metals alloy readily, they are deposited under the same con-
ditions under which either one is deposited. Thus, both may be
separated together from the metals from which either one alone can
be separated, cadminm for example.

*Schoch and Brown, J. Amer, Chem. Soe,, 38, 1673 (1916).
*Sand, Electrochemistry and Electrochemical Analysis, Vol. II, Blackie & Son
Limited, London, 1940, p. 73.

TIN

Sn" +4- 2¢~=8n" (1 M HCI) ° = 40154
Sn" + 4e-=8n° (1 M HC) B°= —0.02
Sn" + 2e=8n" (1 M HCI) E=—019
Bn** 4 2¢" = 8n° (H.80,,HCIO,) E° = —0.136

Tin cannot be deposited from a hydrochlorie acid solution unless
a reducing agent is present to prevent the evolution of chlorine at

the anode. Hydroxylammoninm chloride or hydrazonium sulfate are

equally satisfactory reducing agents for the purpose,»* The solution
should be fairly dilute, not more than 0.5 g. of tin per 300 ml., other-
wise large crystals of tin (trees) grow on the upper and lower edges
of the electrodes. The electrolysis should be carried. 0}1? at room tem-
perature, limiting the ecathpde potential during the initial part of the
electrolysis to —0.6 volt against the saturated ealomel electrogle and
raising it to —0.7 volt toward the end. This electrode potential has
been determined experimentally to give satisfactory results but ez_tn
be caleulated taking the residual tin concentration as 10-° as a satis-

factorily eomplete deposition.
E=E° + 0‘259 log8Sn"

Snll, ne

0.059
= —=0.19 + 3 log10-®

= —0.19 + 0.03 (—6)

= —0.37 volt (on hydrogen scale)

= — (.37 ~ 0.246 = —0.62 volt
(toward the sat. cal. electrode).

The tin in solution may be in either the stannous or the stannie
form. During the prior deposition of copper or copper plus antimony,
stannic ions are reduced to stannous but it has been reported ? that
very little reduction oceurs on a platinum electrode When.tin a}one
Is being deposited. An inspection of the electrode potentials given
above indicates that the reduection in hydrochloric acid solutions
should proceed stepwise from stannic to stannous and from stammous
to metallic tin. Obviously, however, if the cathode potential is suff-
ciently high both processes may go on simultaneously at the cathode.

*Schoch and Brown, J. dmer, Chem. Soc., 38, 1660 (1916).
? Eny-Jones, Landsey and Penny, Analyst, 65, 408 (1940).
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It is of interest also in this connection that the equilibrium of the
reaction 8n™ 4 8n® = 280" (HQ] soluti(;n) K =6X10"
lies far to the right,

The low results on the deposition of tin from hydrochloric acid

solutions, reported by earlier workers, has been reviewed recently
by Kny-Jones, Lindsey, and, Penney.? They concluded that loss of

decomposed in the presence of tin or of strong mineral acids and that
the loss by’volatilization as stannie chloride during dissolution of the
sample was insignificant if prolonged boiling was avoided. Consider-
ably more serious is the loss by re-solution of the deposit during wash-
ing, this loss being promoted by electrolytic action between the tin
deposit and the Platinum electrode. As was to be expected the losg
was less when the cathode was coated with a less noble metal such as
copper. Although no tin was-detected in the electrolyte after removal
of the electrode, considerable amounts were found in the washings,
This appears to arise from a thin film of electrolyte covering the
deposit just before and during washing. Thus, in a series of twenty-
five experiments, when a well-adherent deposit of tin was dipped for
ten seconds into the electrolyte from which it had been separated,
there was a loss of about 1 mg., rising to 1.8 mg. when the temperature

. Was raised from 20° to 40° ang becoming stiil greater if the electrolyte

made contact with the Platinum as well as the deposit. The presence
of ammonium salts greatly iucreased the amount of tin redissolved
but even in this case the amount of tin redissolved could he redueed to
a negligible amount if the solution was neutralized with ammonia
Jjust before the end of the electrolysis. )

Following the separation of copper and antimony by deposition
from a hydrochloric acid solution at a cathode Potential of —0.40
volt toward a saturated calomel electrode, tin may be deposited from
the same solution. It is best to add a further quantity of hydroxyl-
ammonium chloride. The electrolysis is then carried out at room
temperature, limiting the cathode potential to —0.60 volt most of
the time and raising it finally to —0.7 volt. Since some hydrogen is
evolved under these conditions the eurrent does not fall appreciably
during the deposition and thus fails to indicate completion of the
deposition as in the ease of copper. It is best therefore to carry out
the eleetrolysis long enough to ensure complete deposition.

Kny-Jones, Lindsey, and Penney reported twenty-seven results in
which tin wag plated on platinum electrodes and on copper plated
eleetrodes, and in some of which ammonium salts were DPresent and
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i some absent. Amouuts of tin from 0.15 g. to 0.25 g. were used in
these experiments. When ammonium salts were bresent with either
type of electrode results were low by 1 to 4 mg. although, if the solu-
tion was neutralized with ammonia just prior to end of the electroly-
sis, the error was reduced in four determinations with copper plated
electrodes to 0.4, 0.4, 0.5, and 0.3 mg. and with platinum electrodes
to 0.1, 0.0, and 0.1 mg. With no ammominm salts present and using
platinum electrodes the average deviation of six determinations was
0.3 mg. with a maximum deviation of 0.9 mg.; neutralization at the
end appeared to make little differenee. With 1o ammonium salts
present and copper electrodes the average deviation was 0.4 mg.
with a maximum deviation in seven results of 1.1 mg. ‘
The potentials at which tin and lead are deposited from a hydro-
ehloric acid solution are so close together that an electrolytic separa-
tion of the two is impossible. On this account and because the metals
alloy easily, they are deposited together under the same conditions
nnder which either ig deposited. Schoeh and Brown * recommended
the subsequent separation of the tin and lead by the precipitation of
metastannie acid. Lindsey and Sand s recommended depositing the

and hydrofluoric acid and depositing the lead as the dioxide, This
proeedure is given on P. 55. Torrance * later utilized this method for
the determination of tin in bearing metals and bronze and reported
very satisfactory results (see analysis of bearing metals and brass,
p. 55). ' :

The separation of tin from cadmium was studied by Schoch and
Brown.» The tin was deposited from a hydrochlorie acid solution
containing hydroxylammonium chloride at 70°, limiting the current
initially to0 1.5 amperees until the ecathode potential attained the value

remainder of the electrolysis. Sechoch and Brown report four separa-
tions of 0.47 g. of tin from 0.3 g. of cadminm with errors of 0.0, 4-0.2,
0.0, and —1.0 mg,

* Liingey and Sand, dralyst, s9, 335 (1934).
* Torrance, dnalyst, 62, 719 (1937).
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NICKEL

Nickel is usually deposited from an ammoniaeal sulfate solution,
Under these conditions zine is also deposited. By limiting the cathode
potential to 1.1 volts negative to the saturated calomel eleetrode it is
possible to separate nickel from zine. The following procedure is that

of Torrance!:

Procedure for the Determination of Nickel in the Presence of Zine, If the
sample is an alloy containing eopper, tin, lead, irom, and aluminum these must
first be removed. Copper can be separated electrolytically from tin ond lead
(p. 38) and thus determined. Tin and lead can be removed electrolytically (p, 49).
Iron and aluminum ean then be separated by precipitation as the hydroxide, a
double precipitation being advisable if the amount of these elements is appreciable.

To the solution containing the nickel and zine add 20 ml. of concentrated
ammonia in excess and 2 g. of sodium sulfite. Heat to 70° and electrolyze for 20
min. wsing a cathode-saturated calomel potential of 1.0 and 1.1 volt. Zine can be
determined electrolytieally in the residual solution.

In the following method, also due to Torrance,* which is applieable to alumi-
num alloys, the iron and aluminum are not removed prior to the deposition of the
nickel. Add 5 to 10 g. of tartaric aeid, make the solution just alkaline with
ammonia, and add 20 ml of concentrated ammonia in excess, Add 2 g. of sodinm
sulfite. Heat the solution to 70° and electrolyze for 20 min. at a cathode potential
1.0 to L1 volts negative to the saturated calomel electrode.

* Torrance, Analyst, 63, 488 (1938),
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CADMIUM.

E*=_0,402
Er==_0,90

Ca* + 2o~ = (g0
Ca{CN)= 2o =0g° L 4 on-

S.atisf.actory electrodeposits of cadmivm can pe obtained from
acet%e aeid and from alkaline cyanide solutions. The prineipal gep-
.aratlon of cadmium is from zine with which it ig eommonly associatepd
m_naturally oceurring materials and in eertain alloys. Sand* effected
this separation by depositing the cadmium from 5 weak acetie acid

0.0770, 0.0770, 0.0775 g.
i At a considerably later date Lassieur 2 earried out this separation
in a hydrochlorfc acid solution neutralized to the cerise eolor of

—_—
:Sﬂ.nd_, J. Chem, Soe,, 01, 401 (1907),
, Lassieur, Bull, soc, chim., 39, 1179 (1926),
Engelenburg, 2, anal. Chem., 62, 277 (19233,
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mium and zine were excellent. In the deposition of cadmium the
current was simply limited to 1 amp. .

The other work, by Brennecke,* was an extensi‘ve study_of the
electrodeposition of eadmium and of zine and of thel.r separation lbut
gince mo attention was paid to the eathode potentxa'l, the ﬁndn.lgs
relative to the cathode-anode potential which results in a separation

are applicahle only to the particular electrodes used by Brennecke.

This suhject has been recently reviewed by Hammond® who re-

ported three fair separations of cadmium from zine, us-ing an acetic
acid solution of pH 3.3 and limiting the catho-de potential to 3.5 voljt
negative to a calomel reference electrode. It is not stat'ed what par-
ticular calomel reference eleetrode was u_sed and cfartam statem:ents
in the paper recommending that the limiting p?tenltlal be determined
by each worker using his own particular eircuit and apparatus,

together with the fact that Sand? effected the deposition of cadmium .

from essentially this same bath at a eathode poteutial of .F1'20 tov'var_d
a mercurous sulfate-2 N sulfurie acid electrode, make?s it uneertain if
Hammond was employing a controlled cathode potential methoc} at all.
If such results could be duplicated this would be by far the simplest
method available. .

Work at Iowa State College * indicated that the s-eparatlor.l of cad-
mium from zinc can be made using an alkaline-c':yamde solution. The
results for eadmium, however, were invariably hl.g}? and unfor.tunately
just enough erratie to prevent the use of an em1?1r1cal correetion, For
precise work, therefore, the cadmium must be. dissolved and converted
to the sulfate or the pyrophosphate for weighing.

The primary standards used in this work were selected erj.rstals of
hydrated cadmium sulfate,” CAS0, - 8/31'{.20, anhj-rdrous cadmium sul.-
fate ® and triple vacuum-distilled metallic cadmium,® speetrographi-

cally pure. Radioactive cadmium and zine were used in the study..

These isotopes were the 43-day Cd**® and the 250-day Zn®®. The rafho-
active metals were first suitably purified and tl.len standard scflutlons
made, from the weighed electrodeposited metal in t'he case of zine and
grom the anhydrous sulfate in the case of cadmium. Studies were

first made on solutions containing cadmium but no zine. 'll‘he solu-
tion of cadmium sulfate was made alkaline to phenolphthfilem by 1.:he
addition of sodium hydroxide. Sufficient five per cent sodium cyanide

s Brennecke, 2. anal. Chem., 75, 321 (1928).

"?‘[nﬁnmond, Trans. Electrochem. Soc., le, 303 (1945).

% Orouthamel, Brouns and Diehl, unpublished work.

T Hulett and Quinn, J. Amer. Chem. Soe. 37, 1997 (1915). Wil

8 Perdue and Hulett, J. Phys. Chem., 15, 157 (1011); Baxter and Wilson,

. Chom. Soc., 43, 1236 (1921), ‘ L
7 4’,"E')eli:izainec’l from ’the New Jersey Zine Company, Palmerton, Penna,
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solution was then added to just dissolve the cadmium hydroxide. The
solution was then electrolyzed limiting the cathode potential to ~1.50
v. toward a saturated calomel electrode. The electrode and stirring
assembly shown in Figure 8, page 24, was used. In twenty-five deter-
minations on amounts of cadmium ranging from 0.1 to 0.6 g. the
cadmium recovered was high in every determination by amounts from
0.1 to 5 mg., the average beiug 1.8 mg. The deposits were smooth,
light gray in color and firmly adherent. The deposits usually dark-
ened in color and it was observed that the darkening was associated
with the high results; the darkening occurred usually during the
entire deposition and in the occasional determinations which gave
perfect results the electrode remained brighter in color throughout
the deposition. Various factors were shown to be without effect on
the deposit. In one series of determinations with about 0.5 g. of cad-
mium under otherwise uniform eonditions the initial current was

. varied from 0.4 to 4.0 amp.; the results were all high by the same

amount. The size of the residual eurrent also did not affeet the
results. When fresh sodium eyanide solutions were used the current
fell to about 0.03 amp. but when eyanide solutions which had stood
for seéveral days were used the current remained as high as 1.5 amp,
This effect had no influence on the deposition of cadmium and no
investigation was made as to its cause. Again, washing with a spray
of distilled water removed all the alkali and proved to be a satis-
factory wash; in one case a deposit already dried and weighed was
soaked for five minutes in very dilute hydrochlorie acid, neutral to
methyl orange and eontaining a little aerosol for better wetting, then
washed, dried, and weighed, and found to have lost only 0.2 mg. The
high results are of course directly due to the presence of foreign mate-
rial in the deposit. Careful qualitative tests showed the absence in
amount greater than 0.1 mg. of sulfide, sulfate, nitrogen, carbon, and
cyanide. The increased weight of the cadmium is due to some reaction
with the electrolyte. An electrode covered with freshly deposited cad-
minm was made the cathode in a cadmium-free solution eontaining the
same quantities of alkali and eyanide present in the electrolyte used
in these studies. A current of 2 amp. was passed through the solution
for sixty minutes. The cadmium deposit darkened somewhat over
part of the surface and the eathode gained 0.5 mg. in weight. A
repetition of this experiment gave the same result. A blank deter-
mination using a clean platinum electrode proved that no base metal
impurities were present.

To determine the amount of cadmium which remained undeposited
radioactive cadmium was unsed. The electrolysis was carried out as
usual and the electrode was removed with the current flowing by
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gradually lowering the beaker containing the electrolyte and at the
same time spraying the electrodes with distilled water. The washings
were thus ecllected in the electrolyte. A solution of eadmium sulfate
containing 25 mg. of ordinary cadmium was then added to the bath
and the solution electrolyzed with a clean platinum cathode. The
cadmium so deposited was dissolved in a minimum of concentrated
hydrochloric acid and the resulting solution evaporated on a watch
glass and its radioactivity measured. Above a cathode potential of
—1.3 v. the amount of cadmium found in the electrolyte was less than

- 0.3 mg. and there was mo correlation between the limiting cathode .

potential used and the amount of undeposited cadmium.

After experiments with eadmium alone had shown that complete -

depositions were obtained at cathode potentials of —1.3 v. and higher,
the separation of cadmium from zine was studied. In some of the
experiments radicactive zine was used to detcrmine the amount of
zine deposited with the eadminm. Anhydrous eadmium sulfate (or
the standard cadmium sulfate solution dispensed from a weight
buret) and anhydrous, active zine sulfate were weighed in these
experiments. To the solution of the two sulfates was added 10 ml,
of 40 per cent sodium hydroxide solution. The cadmium hydroxide
was then dissolved by the addition of a fresh solutign of sodium
cyanide. Thus, nitrate and chloride were absent from this solution.
The cadmium was then deposited using an initial eurrent of 2.0 amp.
and limiting the cathode potential to —1.4 v. In the determinations
involving radioactive zine, the cadmium deposit was dissolved in- a
minimum of hydroehloric acid and the solution evaporated to drymess
on a watch glass and the activity measured. Less than 0.3 mg. of zine
was deposited with the cadmium and the separatior may be regarded
as satisfactory for practically all analytieal work. The -results for
cadmium were high in eonformity with the results found for cadmium

alone.
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THE ANALYSIS OF BEARING METAL,
BRASS, AND BRONZE

The electrochemistry of the various metals in these alloys has been
diseussed in the preceding sections. The direect determination of cop-
per in bronze is given in the seetion dealing with copper. Alloys of
copper, tin, antimony, and lead segregate seriously on solidification
and this fact should be kept in mind when eomparing the results of
analyses on such alloys.

) Procedure for the Determination of Antimony, Copper, Lead and Tin in Bear-
ing Metal. (Torramce’). Weigh 0.2 to 0.4 g. of the alloy (drillings or fine
sawings) into a beaker. Dissolve the alloy by warming with a mixture of 10 ml,
of concentrated hydrochlorie aeid, 10 ml. of water, and 1 z. of ammonium chlo-
ride (to minimize loss of tin as the tetrachloride). Complete solution may be
hastened by the addition, drop by dvep, of a saturated solution of potassium
chlorate. When all the alloy has dissolved, Loil off the excess chlorine and add
5 ml of conmeentrated hydrochloric acid. Dilute to 150 ml. Add 1 g. of hydra-
zonium chloride and electrolyze at 70 to 75° limiting the ecathode potential to
0.4 volts megative to a saturated calomel elecirode. Copper and antimony are
deposited together. After the current has fallen to a low value flush out the tip
of the calomel electrode if it is the type in' which this is necessary. Finally
discontinue the electrolysis and dry and weigh the copper plus antimony,

Dissolve the copper plus antimony deposit in a mixture of 5 ml of concentrated
nitrie aeid, 5 ml, of 40 per cent hydrofluoric acid and 10 ml of water. Boil off
oxides of nitrogem, dilute to 150 ml, and add slowly a solution of potassium
dichromate, drop by drop, until the liquid is distinetly yellow. Deposit the eopper
by eleetrolyzing for 20 min. at room temperature, limiting the eathode potential
to —0.4 volts. The weight of antimony is obtained by differemce.

To the soletion from whicl the antimony and copper have been removed by
the clectrolysis just described, add 1 g. of hydrazonium ehloride. Deposit the tin
and lead together by electrolyzing for 20 minutes at Toom temperature limiting
the cathode potential to 0.7 volts. Dissolve the deposit in a2 mixture of 15 ml, of
nitrie acid, 5 ml. of hydrofluorie acid and 15 ml. of water. Boil off the oxides of
nitrogen and dilute the solution to 150 ml, Deposit the lead as the peroxide by
electrolyzing the solution for 20 minutes at 90° to 95° with a current of 6 to 6.5
amps. Lew lead alloys will give a solution containing insuffieient lead for deposi-
tion from a mitrie acid — hydrofluoric acid solution as lead dioxide. TMor such
alloys add 20 ml of a standard 0.5 per cent solution of lead (as nitrate), dilute to
150 ml. and electrolyze, Welgh the lead dioxide deposit and deduct the Welght-
of lead added. Caloulate the weight of lead, using the factor given on p. 46
usually 0.866. Obtain the weight of tin by difference.

Torrance reported the following results by this method:

(a) Carriage and wagon white metal (high lead)

Composition: Sb, 11.9; Cu, 2.7; Pb, 34.0; Sn, 51.4 per eent.

Weight of .

Alloy Taken A et OB gesnd  LendTound e Gont.
0.2500 . 120 S2. 34.2 51.1
0.2500 11.9 2.7 34.2 51.2
0.2500 119 2.7 34.2 511

0.3000 ‘ . 11.9 . . 2.7 34.3 51.0
- [55]




(b) Locomotive white metal (low lead)
Composition: Sb, 9.6; Cu, 6.0; Pb, 5.1; Sn, 79.83 per cent.

A}Y:;%‘ﬁf:n Antimony Found  Copper Found Lend Found Tin Found

c. Per Cont Per Cent Per Cent Peor Jent

0.2500 9.6 6.0 5.0 79.2
0.2500 9.6 6.0 5.2 79.0
0.2500 2.5 6.0 5.0 79.2
0.2500 9.6 6.0 - 5.1 79.1

Procedure for the Determination of Copper, Lead, Tin and Zinc in Brass and
Bronze. (Torrance). Dissolve 0.2 to 0.4 g. of the alley in a mixture of 10 ml.
of concentrated hydrochloric aeid, 2 ml. of concentrated nitric acid, 10 ml, of
water and 1 g. of ammoninm chloride. Add 5 ml. of concentrated hydrochlorie
acid and electrolyze for 20 minutes at 50°, limiting the cathode potential to 0.4
volt toward a saturated calomel reference electrode. Use an initial eurrent of
3 to 4 amps. This should fall rapidly to about 0.1, amp. All the copper is thus
deposited, together with any arsenie which may be present. In order to free the
copper of arsenic dissolve the deposit in a mixture of 5 ml. of concentrated sulfurie
acid, 5 ml of nitric acid, and 10 ml of water. Boil off the oxides of nitrogen,
dilute the solution to 150 ml. and electrolyze for 20 minuntes at room temperature,
at a cathode potential 0.4 volts megative to the saturated calomel electrode.

Deposit the tin and lead from the original golution and subsequently separate
them a8 deseribed above under the analysis of bearing metals.

Oxidize the solution remaining after the removal of tin and lead by boiling
it with a little bromine water until colorless. Add filtered ammonia carefully until
the solution is just alkaline to phenolphthalein, heat to boiling, and filter off the
small precipitate of ferrie and aluminum oxides. These may be ignited and
woeighed together and the ivon then determined colorimetrieally. Cool the filtrate
and 2dd 10 ml. of eoncentrated ammonia., FElestrolyze for 20 minutes at room
temperature with a current of 3 amps. Weigh the deposit of zine.

Torrance * reported the following results obtained by this method:
(1) Composition: Cu, 84.6; Pb, 3.8; Su, 6.9; Zn, 4.4 per cent.
Weight of - .
Copper Found Lead Found Tin Iound . Zine Found
Alloy Taken Per Oent Per Cent Per Cent Por Cent

E.

0.2500 84.4 3.8 . 7.0 4.5

0.2500 T B4.5 3.8 7.0 i 4.4

0.2500 84.6 3.7 6.9 4.5

(2) Composition: Cu, 82.8; Pb, 4.1; 8n, 6.9; Zn, 5.9 per cent.

0,2500 . 82.9 3.9 6.9 6.9

0.2500 82.8 40 6.9 59
v 0.2500 82.9 4.0 . 88 6.0.

{3) Composition:-Cu, 83.6; Pb, 2.8; 8n, 11.9; Zn, 1.3 per cent.

0.2500 83.6 2.8 12,0

0.2500 83.7 2.8 12.0

0.2500 83.6 2.8 11.8

As discussed on p. 35, Diehl and Brouns?® found that in this-method for copper,
which is essentially that of Sehoeh and Brown,® the deposition of copper may not
begin of may begin and proceed for a while and then redissolve. With a suffi-
piently high concentration of hydrochlorie aeid and a high initial cathode potential
the deposition proceeds satisfactorily. ' '

' Porranee, Analyst, 62, 719 (1937,

* Diehl and Brouns, Jowae State College J. Soi., 20, 155 (1945)..' w
3 Sehoeh ond Brown, J. dmer. Ghem, Soe., 38, 1660 (1916).
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