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ADVARCED _ SUMMARY ,
Blectroedeposition at controlled potential has been

known in principle for more than fifty years btut has
received 1ittle attention in the past because of the tedium
involved in ecarrying out separations with manual apparatus,
There is no doubt that the recent developments in this
field are due to the application of instrumentation to this
teshnique,

The research described in this thesis has been
concerned principally with the development of new methods
of electro-separations of metzls at controlled potential
and with the designing and building of an automatic elece
tronic instrument to control these separatiomns,

A method is deseribed for the quantitative separation
of copper and lead from tin by cathodic deposition from
phosphoriec acid electrolyte, The tin forms an anionic
complex which is not reduced 2t the cathode and the copper
is separated from the lead by deposition at 2 controlled
potential, The lead is deposited 2s the metal and then

the tin is estimated volumetrically. The difficulties
agsociated with the quantitative cathodic deposition of
lead have been invectigated and the oplimum working cone
ditions established,

The sutomatic inetrument was designed and built in
collaboretion with Mr, &, Graves of the Electrical



N

Engineering School, The instrument was cgonstructed
entirely from equipment already on hand, It i less
gostly to build than most of the previously published
designs, yet it has a fast reaponce %ime and it gives
agccurate and relisble centrol,

Using this instrument a number of new methods for
separating metals by ocontrolled potential electrolysis
hae been developed, These inelude the separation and
estimation of copper in the presence of bismuth, srseniec
end antimony; the separation of bismuth from lead; and
the separation and estimation of lead in the presence of
cadmium,

The theoretical introduction to this thesis has been
condensed because the theory of the subject is well
established and an extensive survey of its development is

available in text books of electrochemistry.

This thesis comprises the four following sections
(1) The theory of electrode reactions
(11) The measurement &nd contrel of electrode potentials
(111) The quantitative separation of copper and lead
from tin by cathodiec deposition
(1v) The applications of the automatic instrument,
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SECTION I M ST
THE THEORY CF ELECTRODE REACTIONS

Hist [} .

The first use of an electiric current for quantitatS;
deposition of a metal from ite solution was reported by
Wollcott Gibbe (1864) (1) in his method for the estimation
of copper by deposition on a platinum cathode from sulphate
solution, In the next twenty-five years many papers
appeared describing methods for the separation and detere
mination of various metals using this new technique,
Separations were achieved by simultaneous deposition of
one metal on the cathode and the oxide of another on the
enode (2); by the use of complexing agents (3); and by
the introduction of mercury as a cathode (4), The
mechanism of selective deposition of metule at an elece
trode, however, was not understood and early workers
assumed that the current was the contrclling physical
fagtor on which the process of electrolysis depended,

The accepted explanation of preferential electrode
reactions originated from the hypothesis put forwerd to
agcount for the specific voltage a metal takes wup when ime
mersed in a standard solution of its ioms  Helmholtz (1882)
(5) attempted to explain this phenomenon by ascribing to a
metal a specific attraction of electricity, while Wiedemann
(1885) (6) assumed that attractive forces between the metals

and the ions of the electrolyte gave rise to this voltage,
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W, Hernst (1889) (7) introduced the coneept of metal solution
pressures, as a basis for developing the theory of electrode
potential, Using this hypothesis he presented the first
feasible quantitative treatment of the phenomenon., He
assumed that metals exert a positive pressure to fSroe ions
into solution, This electrolytic solution pressure he con=-
sidered analogous tc vapour pressure, but the metal passing
into solution as positive ions gives up electrons to the
metal surface and equilibrium is quickly established due to
the electrostatic attraction of the opposite charges, The
value of the electrode potential was found by considering
the opposing effect of the osmotic pressure of the solution.
Vhen the osmotic pressure is less than the solution pressure,
ions enter the solution leaving the metal negative and the
solution positive and thus a potential difference is estab-
lished between the solution and the metal, Conversely, if
the osmotic pressure is greater, the potential difference is
established between the metal (+).and the solution (=),
On the basis of the solution pressure theory it was

possible to deduce an equation for the potential of an elec-

trode which has been found by experiment to represent the
actual dependence of electrode potential on the concentration
of the reducible ions,

Two years later, Le Blanc (8) published the first

definite measurements of decomposition voltages for & number
of normal solutions of acids and alkalis in water, He



concluded from these voltages, since they were in the vtciniiy
of 1,7 volts, that the same fundamental electrolytic process
oceurs in each case, In 1893 the same worker (9) modified
his apparatus by the introduction of a cell to make possible
the measurement of the potential difference between cach
electrode and the electrolyte, Le Blane threw further light
on the discharge of ions at an electrode by demonstrating
that the algebraic difference between the two separate elece
trode potentials is approximately equal to the total voltage
agross the cell, provided that there is no apprecisble volte
age drop in the solution due to its resistance,

Correlating the advances made by Nernst and Le Blane,
Freudenberg (1893) (10) gave a detailed explanation of known
metal separations in terms of solution pressure and osmotic
pressure, IHe indicated that the separation of two metals
could be achieved by setting the applied voltage so that, at
very low current density, one metal would be deposited
completely before the decompaoitiﬁn pressure of the second
metal was reached, He explained the effect of complexing
agents by the use of the Nernst equation, The reduction of
the concentration of the ions of one metal by complexing
alters its decomposition pressure and the separation can then
be carried out at any suitable current density.

The work of Nernst, Le Blanc and Freudenberg showed
conclusively that it was incorrect to regard the current



or the current density as the only factor determining the
course of a particular electrolytic process, It is, as

these workers pointed out, the electrode potentials which
determine whether or not a particular electrode reaction

will oceour, or which of several possible reactions will take
place at the electrode, The current is the result, not the
cause of the reaction, and the current density merely reflects
the rate at which the reaction proceeds per unit area of
electrode surface,

h r t .

As shown by Glessstome (11), the Nernst eguation is
derived simply by considering the difference in the electrical
energy expended in dissolving one gram ion of 2 metal elec-
trode in two solutions of its ions of differing osmotic
pressure and relating this to the free energy change, Vhen
the activity (a) of the reversible ions is included in the
equation it becomes

E = _RI_ 1ln a-+ constant (1)
where £ is the potential :g the electrode, R is the universal
ges constant, T the absolute temperature, n the valency of
the ions and ¥ the Faraday number,

This derivation does not require am hypothesis for the
origin of electrode potential for it is the "consequence of
the thermodynamic treatment”(12), Thus the agreement of the
liernst equation with observed potentisls does not make valid
the concept of solution pressure, Owing to the difficulty



of attributing any physical significance to electrolytic
solution pressure, this concept has met with 2 great deal of
criticism, (The electrolytic solution pressure of magnesium
is calculated as 1.1 x 1093 atmospheres and platinum as

1lx 10"36

). Notwithstanding the many objections and the
recent theories, which are outside the scope of this thesis,
electrolytic solution pressure, together with the theory of
electrolytic dissociation, has given a deeper insight into
the mechanism of electrode reactions,

S E tentials.,

This thesis deals entirely with aqueous solutions, and
the Nernst equation is used to give the potential of an
electrode immersed in a solution of its ioms, If all gases
involved in the electrode reaction are at a (thermodynamic)
pressure of 1 atmosphere and all dissolved substances at a
thermodynamic concentration of unity, the term ‘%72‘ In a
in equation (1) is zero and & equals the constant, This
constant E, is known as the standard electrode potential,
The equation (1) then becomes

E= By«+ % I _ 1lna (2)

Since any reaction involves only the difference in
potential between two couples, the potential of the hydrogen
gas - hydrogen ion couple has been accepted as an arbitrary
zZero, The potentials of all other couples then are expressed
in terms of this hydrogen reference couple, A 1ist of the



of the standard potentials (E) (13) at 25°Cof some metals
is given in Table 1,
Table 1
Some Standard Potentiels E,, 25°C

Reaction Ey Volts
B¢r+—- 2 = Hg 8.7986
o T e 0. 544
mo+2n + Je = Bi®+ H,0 0.32
H H"" £ = *xao 0.000
?b#+ gfé—‘ Pbo - g.izg
sn' + = Sn - 0,13
Ki''+ 2e = Ni0 - 0,250
4 — [¢]
2o+ 2£ = 2a® - 0,7620

Slgn Convention,

Twe sign conventions, commonly known as the "British”
and the "American®, are in use in electrochemical literature,
The former adopts a positive sign, and the latter a2 negative
gign, to indicate the potentials of element to ion couples
where the ions are more easily reducible than the hydrogen
ion, The British System is used in this thesis, i.e, the
potential of the silver - silver ion couple is taken as
positive since less evergy is required to discharge silver
ione than hydrogen iomns, snd zinc - zinc ion couple is
considered as negative potential since hydrogen ions are
more e2sily reduced than zinc ions,

Theoreticel Aspect of §igar§§§onc et _the Cathods,

It i= apperent, from imspection of their standard



potentials (Table 1) that metals may be divided into twe
easily separated groups, The metals of the first group
will be deposited completely from acid solution and then
hydrogen will be liberated and while the solution remains
agid,metals of the second group are not deposited, The
separation of copper from zinc in sulphuriec acid solution
is an example of this,

It is not correct, however, to assume that all metals
with a standard potential positive to hydrogen can be sepe
arated by deposition in acid solution from those which are
negative to hydrogen, DBefore a cgorrect prediction of
electrode reactions can be made the agtivities of the par-
ticular ions present and the phenomenon of hydrogen overs
potential on the electrode must be considered, Let us
examine the electrolysis of a particular electrolyte to show
the effect of activity and overpotential,

Let the electrolyte eontain copper and lead ions of 0,01
activity respectively in a solution of pH 1, From the
values of the standard potentials it would be assumed that
on electrolysis the copper would be deposited first and then
hydrogen would be liberated, Thus & separation of the
copper from the lead would be aghieved, The potential of a
metal electrode immersed in a solution of known metal ion
activity can be found from equation (2), Since R is 1,985
x 4,184 joulss and F is 96, 500 coulombs, using logarithms
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to the base of ten, at 25° the equation reduces to
E = Eo + Q,S_ﬁg log a

For a copper electrode in a solution in which the

cupric ion activity is 0,01
Bouo /oyt = 0.346 + 0,0295 log 10”2
= 0,286 volt

i1f a copper cathode has a potential of 0,286 in this
solution, no reaction will take place « a static econdition,
or 2 "electrical equilibrium" is obtained, For the re-
action Cu®=Ci'+ 2£ to proceed in one direction, energy
must be supplied to the system by means of the applied
voltage. If the voltage applied to the electrode E; is
higher than E, i.e, (E; - E) is positive, the copper dise
solves at the electrode, If (E; « E) is negative, copper
ions will be deposited at the eleectrode, (E1 -« E) ¢an be
considered as the overpotential,K AE i.,e, the extra potential
above the reversible potential, as shown by the norﬁct
equation, required to bring about the reaction. This means
that copper would deposit from this solution at a cathode
potential slightly more negative than 0,286 V., As the
cupric ions are deposited from the solution at the cathode
the activity of the cupric ions decreases and the cathode
potential becomes more negative, When the cupric ion
activity is reduced to 10”4 of its original value (by which
time the deposition of copper may be considered quantitatively
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complete) the cathode potential would be slightly more
negative than 0,286 + 0,0295 log 10°% = 0,166 volts,
The potential of hydrogen gas in contact with hydrogen

ions can also be found from the Nernst equation in the form

E=E°+%ln£§§!2 _

If P, the pressure of the hydrogen gas is considered to be
one atmosphere, and since -log[h?] is the pH, equation (4)
becomes
E = E - 0,059 pH, (5)

The reversible potential of the hydrogen gas « hydrogen ion
couple in this system will be < 0,099 V., gince the elec=
trolyte has a pHl, However, the reaction potential necesary
to form hydrogen bubbles on the cathode varies considerably
depending on the surface and on the metal of the electrode,
The explanation for the slowness of the hydrogen reaction
is to be found in the reaction mechanism, The liberation
of hydrogen at a cathode is assumed to take place in two steps

(1) B R

(2) i Gl
The first step 1s considered to be the rate limiting step
presenting & potential barrier to the electron transfer,
The discharge of hydrogen ions from solution normally
requires appreciable activation energy and the variation of

this overpotential with the surface and the metal of the
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cathode is attributed to the heat of adsorption of hydrogen
atoms on the surface and the catalytic effect of the metal
in the adsorption,

A list of minimum hydrogen overpotentials on some metals
obtained by Caspari (14) is given in Table 2,

Table 2
Minimum Hydrogen Overpotential for Hydrogen in 2N , 3.804,

Volts Volts
Platinised Platinum 0,005 Copper 0.23
Gold 0,02 Tin 0.93
Iron (in alkaline soln,) 0,08 Lead .64
Smooth Platinum 0,09 Zine 0,70
Silver 0.15 lercury 0,78

This minimum overpotential is the excess potential
above the reversible pbtential required to produce visual
evolution of gas, The metals,such as platinum, that have

very high catalytic adsorption properties have very low
overpotentials and may be used as reversible hydrogen elece
trodes, the function of the metal in the discharge process
being solely to eliminate the barrier separating the hydrogen
ion and hydrogen atom, lMetals with low catalytic properties
exhibit high overpotentials,

The minimum overpotential of hydrogen at a cathode
appears to be practically independent of the hydrogen ion
concentration of the solution, so the overpotential of
hydrogen on copper, in the electrolyte underconsideration,
can be taken as approximately 0.23 V., Then the potential



h

EHO/H+ at which hydrogen will be evolved from the copper

electrode is

- 0,059 « 0,23 — « 0,29 V,
The reversible potential of the lead - lead ion couple
_ 2
EPb/pr o= - 0,126 + 0,0295 log 10
- - 0,185 v,

and for a one ten thousandth reduction of the original lead
ion activity Ipy/pb becomes - 0,305 V., At a potential
slightly more negative than - 0,189 V, lead will begin to
deposit, Once the electrode is covered with lead the libe
eration of hydrogen from the solution will be controlled by
the minimum overpotential of hydrogen on lead, Thi-'moanl
that hydrogen discharge will not take place until the cathode
potential reaches approximately - (0.059+ 0,64)=- 0,7 V,

From the above considerations it is seen that both
copper and lead will deposit at the cathode from this elec-
trolyte within quantitative limits before hydrogen is libere
ated,

In the above example, if the anodie reaction is cone
sidered to be the discharge of oxygen 403'—-) 02+2320+4£ 4
the inerease in the hydrogen ion concentration, due to the
disgharge of the hydroxyl ions, will not affect appreciably
the pH of the electrolyte.

Not only must one consider the effect of the activity
of the ion and hydrogen overpotential in the prediction of



preferential electrode reactions, but alse the AE value for
the discharging ions, This value includes both the metal <
metal ion overpotential and the concentration polarisation,
ketal - Metal Ion Overpotential.

The metal - metal ion overpotential, although in most
cases very small can be high enough to effect the electrode
reactions, The standard potentials of cadmium and iron are
separated by only 0,04 V, but, because cadmium deposits with
very low overpotential ard iron with a high overpotential,
cadmium deposition actually takes place in preference from
a solution of equal congentration of the simple ions of the
two metals, The metal ion overpotential also appears to
depend on the material of the cathode, The author found
that, while the deposition potentisls of lead and antimony
from phosphoric acid complexes on 2 copper electrode differ
by 0.3 V,, the two metals cannot be separated, Once the
electrode is covered with lead the overpotential of the
antimony is reduced and the two metals depoait gimultaneously,
Congentration Polarisation.

Concentration polarisation is aseribed to the slowness
of diffusion of ions, As an elec%rolysia proceeds there
will be a decrease in the concentration of the discharging
ions in the immediate viecinity of the sathode, The replace-
ment of these ions ie dependent on the rate of their diffusion

to the electrode surface, This sets up a concentration



gradient in the vicinity of the cathode, The potential
of the electrode at which the discharge is taking place
is more negative than a stationary electrode in the same

solution, The inerease in the negative potential of the

electrode due to the concentration gradient is called the
concentretion polarisation. This polarisation is
negligivle if the current density is small, but, as the
current is inecreased, or the concentration decreased,
this potential increases, It can be reduced if the
rate of diffusion of the reducible iones ie increased by
heating or stirring the electrolyte.

Because of the difficulty of measuring the metal
metal ion overpotential independently of the concene
tration polarisation, it is customary to include them
in the one term overpotential AE, Variations in this
value in the course of an electrolysis, due to its
dependence on current demnsity, temperature, concentration,
stirring, and the material and condition of the working
eleotrode, increase the difficulty of predicting eclece
trode reactions, Therefore it is often necessary to
determine experimentally deposition potentials and
reduction or oxidation products and to use these data
in conjunetion with theoretical considerations to follow

the course of electrode reactions,



Yethods of Separation at the Cathode,

Use of lepolarisers. The separation of two metals, such
as lead and copper, can be achieved by adding to the
elegtirolyte a compound whose ions are reduced at a potential
between that of the two metals, The metal with the more
positive deposition potential will deposit and then the
added ions will be reduced in preference to those of the
second metal, The addition compound is referred to as a
cathodic depolariser, To achieve 2 quantitative
separation the concentration of the depolariser must be
many times greater than the second metal ions and it, or
its reduction products, must not react with the previously
deposited element,

Nitric acid acts as a depolariser in the separation
of copper from lead, The lead depeosits as the dioxide
on the anode while the presence of a high nitrate cone
centration prevents its cathodic deposition, the nitrate
ions being preferentially reduced at the copper cathode,
In this particular reduction the copper acts as a cgatalyst
bringing about the reaction at a more positive potentisal
than that ne¢essery to reduce the lead ions, However,
in the high nitric =zc¢id coneentration required, the copper
deposit is attecked and the simultaneous deposition of
copper end lead dioxide is not satisfactory,



The ferric - ferrous system has been used by Furman
(15) to act as a depolariser in the separation of silver
from copper. In the presence of a ferric - ferrous
mixture silver ions ¢an be reduced to silver but cupric
ions cannot be reduced to copper for preferentisl reduction
of the ferric icns takes place at the cathode, The
ferrous ions are re-oxidised at the anode and this cyelic
reaction controls the cathode potential without the need
for external potential control,

While satisfactory separations of two metals can be
aghieved by the use of depolarisers, the estimation of the
metal that is left in the solution is often difficult
unless the depolariser can be destroyed or removed with
ease, Separation by controlling the potential of the
cathode obviates the necessity of adding compounds, and
thus does not interfere with the determination of elements
left in the solution,

Contro t cir 8, If a constant
potential source is connected to two platinum electrodes
immersed irn the copper and lead electrolyte considered
earlier (page 9 ) the potential (E;) applied to the cell
distributes itself as shown in the daagiam below, The
total potential drop is equal to the potential drop at

the anode surface, plus the drop in potential across the
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sclution due to its resistance R to the flow of the current
I, plus the potentisl drop at the cathode surface, The
potential drop at the anode surface consiste of the revere
sible potential (E,) of the platinum electrode to the
exidisable hydroxyl ions and the overpotential st the anode
AE,, The potential drop at the cathode surface is due
to the opposing reversible potential E, of the electrode
to the reducible ions plus the overpotential at the cathode
AR,, The total potential drop is made up as indicated
in the following equation:-

B, = (Ba + ABy) « (B, + AEg) + 1R,

Ag the electrolysis proceeds first copper ions deposit
at the cathode, This causes an ingrease in the negative
potentiel of the electrode (see page |/ ). The potential
drop at the anode, if we again consider oxygen to be the
anode product, remains virtually constant, If (EgtA Bo)

becomes more negative bul U, remains conetant ,



(B, + DEL) = (Bg + AEg) increases and the current should
decreasse, But, since the cathode potential is free to
drift it will fall below the potential necessary to deposit
the lead and a somplete separation of the copper from the
lead will not be obtained,

If, however, the cathcde potential is controlled,
i.e, it is held at a valus such that only the deposition
of copper ions can occur, then this reaction proceeds with
virtually 1007 eurrent efficiency and the decresse in the
current is & reliable indicatiorn of the progress of the
electrolysis, From the previous ealeulations (page /0 )
it is seen that copper will begin to deposit at a cathode
potentiel 2 little less than 0,286 V,, and if the cethode
potential is held at & value & 1ittle more negative than

0,166 v., a quantitative separation of the copper from
the lead will be obtained, The lead ions cannot deposit
until the cathode potential falls below -0,185 V., so the
potential c¢an be held at a value much nearer to, but more
positive than, -0,185 v, This will allow a larger
initial current to be used,

The separstion of two metals by controlling the
cathode potential is applicable only if the difference in
deposition potentials is sufficient to al;ow for a
quantitative deposition of one metal before the deposition
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potential of the second is reached. It is difficult to
give a minimum value for this difference, for hydrogen and
the metal overpotentials and concentration polarisation
are often the determining facitors and not the difference
in pbtential as caleulated from the Nernst equation,
However the use of complexing agents extends the range of
electrical separations,

Use of Complexing Agents, Since the deposition potential
of a metal is dependent on the agtivity of the discharging
ions in the electrolyte, a reducticn of the activity will
cause a negative shift in this potential, This is the
prin&iple underlying the use of complexing agentis to
separate two metals whose deposition potentials are too ¢
close to allow for a controlled potential separation, Ir
the ions of one metal can be complexed the activity of its
ginple ions will be reduced, depending on the instability
constant of the complex ion formed,

The electrode potential of a metal immersed in a
gsolution of ite complex ions can be derived from the Nernst
equation and the instability constant of the complex ionms,
Suppose Iy xg: is the formula of 2 complex ion where ¥ and
X~ are the positive and negative ions from which the
complex is formed, and with whieh it is in equilibrium,’
thus nmxg: = mi + xX", Prom the law of mass action the
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overall inetability constant K can be represented by

3 o x
5 = ot . 8

ihe activity of the simple metal ions is given by

K. ogx: | Vn

x
3
Substituting this value in the Nernst eyuation

o =

K i 1l 1/m
Bgomplex = By +§ 1n g s

x

-

= Rofﬂ_. 1nx+§_1na :;
o

If the activities of the complex ion and the complexing

apnion are unity the equation reduces to
%o omprex = Bo +-Ef. 1n K.

If the instability constant of the complex ions is small
enough, the shift in the deposition potential of the metal
ions complexed ¢an be great enough to allow hydrogen
liberation to take place before E gomplex is reached,

The author has developed & method (see page7s ) for
the estimation of copper, lead and tin in which the copper
is deposited in the presence of the lead and tin by



controlling the cathode potential. The separation of

the lead from the tin depends on the formation of =2n anionic
tin phosphate complex, The standard potentizls of lead
and tin are separated by only 0.01 V., thus the quantitative
separation of the two metals fram & solution of their

gimple ions is not possible, However, in the presence of
phosphoric &gid the tin is complexed and ite deposition
potential is shifted to such an extent that hydrogen is
liberated before the tin deposition occurs, Therefore

the lecd can be separated from the tin by constant potential

electrolysis,



SECTION II

The electrode potential is measured against o

reference half gell, The tip of the half c¢ell is placed
very close to the surface of the electrode to minimise
the ohmic potential drop, i.e., $he IR drop,due to the
resistance of the solution between the half eell and the
electrode, The potential difference between these two
electredes is measured on & vacuum tube voltmeter of high
impedance to limit the current drawn through the reference
half cell. An electronic titrimeter was used as a volte
meter in the work to be described but later this was
replaced by & rapid time response speedomax which gave a
continuous graph of the cathode « half cell potential
against time,

The saturated calomel half cell was used in prefere
encé to other half cells. It is set up easily since no
standard solution is necessary and it can be used with a
saturated potassium chloride salt bridge without the
necessity of having a special intermediate solution, for
the cell itself contains saturated potassium ghloride
solution, Although as a half cell it is not as agcurate
as most others, unless it is very carefully prepared (16),

it is sufficiently reliable for following ¢athode potentials
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during the course of an eleetrolysis,

A gopper electrode immersed in a solution of cupriec
ions of unit asctivity has a potential of + 0,346 V,
referred to the hydrogen scale, Now if a saturated
calomel electrode (potential+ 0,246 V,) is used as the
half gell to measure this potential, the difference in
potential, 0,346 - 0,246=+0,100 V., will be recorded by

the voltmeter,

Contl

During an electrolysis the potential of the cathode
becomes more negative to the half ¢ell and control is
brought about by limiting the potential difference between
the cathode and the half cell to a fixed value, This is
aghieved by reducing the potential applied to the elece
trolysis cell, Reduction of this potential can be done
manually or autcomatically,

Menuel Control.

Fig. 2 shows & simple manual potential control
gircuit in whioh the potential difference :cha- the
electrodes of the electrolysis cell is reduced by increas-
ing the resistance, R, connected in series with the cell,
In Fig, 3 a potential divider e¢ircuit, for control of
potential, is illustrated, The applied potential to the
cell is increased or degreased by moving the contact to

the right or to the left along the rheostat R,
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The maau;l control apparatus used by the author
(Fig. 4) comprised & Griffin and Tatlock electrolysis unit
adepted for manual potential control by wiring a 240 volt
variac into the electrode input eircuit of the instrument,
The applied potential to the cell is decreased by reducing
the alternating voltage applieq to the primary of the step
down tronsformer in the eleotrolysis unit, A better
control of the applied potential is aghieved with this
gircuit than with those shown in Figs, 1 and 2, In the
deposition of copper from the phosphate elegtrolyte, (see
page 49 ), & change of 60 V, on the variae produces a dife
ference of only 0.5 V. in the D,C, potential applied
agross the eleectrolysis cell, By continually adjusting
the variae during the deposition the vathode potential can
be held to within 20 mV of the required value,

Electro~deposition at controlled potential has been
known in principle for sixty years and, despite the manually
controlled apparatus developed, this valuable technique
has only regently received the attention it deserves,

There is no doubt that the revival in interest in the
technique, over the past ten years, is due to the develope
ment of suitable automatiec apparatus which has relieved
the tedium formerly involved in carrying out determinations
by the manual method,
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ileven years ago Hickling (17) construeted the first
instrument to autematically control the potential of an
electrode to & set value, He salled this instrument a
potenticstat, Gingce then many designs have appeared in
the literature,

The general prineciples on which autematic control is
baged are outlined below, The potential difference
between the working eleotrode and the calomel electrode is
compared with the desired control potential set on a
variable reference voltage c¢ircuit. These two potentials
are connected in opposition and will cancel when the working
electrode « galomel electrode reaches the desired potential
i.e, vhen (Eg +AEg) ve Eg o, = Bget. Now, if the
eathode potohtial changes during the course of the elece
trolysis, the difference in potential produced in the
balance cirecuit is used to control a device whigh alters
the potential applied to the cell in such a way ss to
gorrect for the change,

The automatic instruments constructed for controlling
electrode potentials differ in the method by which this
gemall error potential, the signal, is employed to alter
the potential applied to the gell and so correct for the
change, This method of eontrol may be mechanical or

electironiec,
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Ueghanigal Control.

With only a2 few excepitions #1l the published potentioe
stat circuites depend on the mechanical movement of a varise
in the supply ¢ireuit to the electrolysis cell to adjust
the applied potential and thus correct for shange in the
eleetrode potential, The error voltage produced by the
chenge is amplified and then used to control the movement
of a synchronous motor which is coupled to the varisc,

The circuit is wired so that the sign of the feed back
produced by the signal is opposed to the change cousing it.
The designs differ in the method of amplification of the
gignal and in the method of controlling the rotation of the
motor, It will suffice to give a brief outline of one of
these instruments, (A more detailed description of
potentiostats is given in the author's B,S¢, thesis) (18),

A simplified bloeck diagram of a motor control regulator
(19) 4s shown in Fig, 5. 1In operation the cathode refere
ence c¢ell potential is opposed by a set potential on a
precision potentiometer, If the cathode potential alters
in any way during the electrolysis the signal produced is
amplified by the three stage D,C, amplifier, the output of
which operates one of the two relays depending on the sign
of the signal. These relays in turn ¢ontrol the rever-
8ible motor driving the variable arm of the variac supplying
the current for the electrolysis, Hence the potential
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applied to the cell is automatically adjusted to eliminate
the error signal,
g A "

Zlsetronic control of the applied potential is pree
ferable to mechanical control fer it can be made continuous
and instantaneous, The time factor Iinvelved in the
operation of a relay is eliminated and the hunting due to
the inertia of a rotor is evoided, The first all-slec-
tronic instrument, developed by Hickling (17), depended
on the firing of a thyratron valve which disgharged a
condenser in the cell ¢ircuit and thus reduced the potential
to the eell, Heyd, Ohmart and Hites (20) later developed
an all electronic apparatus which had a much faster response
and a more reliable control than the thyratron circuit,

In both these circuits all the current to the cell is passed
through vacuum tubes and, as a result, the regulators are
considerably limited in ocurrent c¢apaecity, the former having
a maximum output of 300 mA and the latter only 60 mA,

Milton J. Allen (1950) (21) designed &n electronically
controlled potentiostat for large scale electrolytic
reduction of organic compounds, Allen overgeme the dise
advantages of the previously deseribed instruments, His
cireuit supplies currents as high as 20 amp and a potential
up to 79 volts, He utilises an electronic amplidyne as
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& control and a current source, It gives the relatively
high currents or applied potentiale reguired for the
reduction of many orgenic compounds ot eathode potentials
as high as 6 volts, It will control in both directions
and its response is instantaneous with negligible hunt
characteristice, The off balsnce sends a signol to the
emplifier which is the controlling unit for the amplidyne,
This signal couses the amplifier to adjust the field winding
potential of the amplidyne so that its output is decreased
or increased tc sorrect the unbalanced condition,

Thies design overecame the difficulty of the small
current output from the earlier electronic types vwhile it
maintained 2ll the advantages of an electronic device
compared to a mechaniocal control,

The Author's P tiostat,

An automatic device to control electrode potentials
wos considered necessary to fagilitate investigations of
metal separations by eontrolled potential electrolysis,
However, most of the suitable instrument designs have cume
{from America and they contain scomponents which are not
ecsily procurable in this sountry, 8o the author, in
collaboration with Mr, S, Graves of the Electrical
Fngineering Sghool, set out to gonstruet a simple and
cheap potentiostat which could be used in this research



project,

In the building of this instrument particular
attention had to be paid to eoconomy and so, to simplicity
of construction and maintenance, Consequently, as much
use as possible was made of equipment already on hand,

The possibility of controlling the output of a D,C,
generator by applying to its field winding the negative
feed back produced by amplifying the error signal was
investigated, This principle of control was suggested
to the author from a study of M, J, Allen's eircuit,

A block diagram of the instrument gonstructed is shown
in Pig, 6. It incorporates the principle of controlling
the output of a D,C, generator by the amplified error
signal caused by a change in the potential of the working
electrode, In operation the cathode « reference cell
potential is opposed by the balancing potential through
the pair of electrometer tubes which comprises the first
stage of the D,C, amplifier, The D,C, level of the ampe
lifier is adjusted to give the desired initial running
gonditions, In practice the balancing potential is not
exactly equal to the imput potential but the difference
in level is kept small so as nét to unbalance the input
stage to any great extent, If the D,C, level between the

two tubes alters in any way during an electrolysis, from
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the level set, this difference is amplified by the three
stage 0,0, amplifier, the ocutput of which is fed onto the
field winding of tne 1,.C, generator, The amplifier is
wired so that an inerease in the difference of potential
between the working electrode and the half c¢ell produces
a decroase in the output potential of the amplifier,
This roduction in the potential applied to the field wind-
ing of the generator, in turn, reduces its D,C, output to
th; electrolysis cell, Hence, the cell petential is
adjusted to corregt for the change, In this menner
positive or negetive changes in the cathode potential
during the course of an electrolysis are sutomatioally
and instantaneously corrected,

Certain parts of the instrument are considered in
greater detail below,
The Baleneing Cirecuit. ‘The balancing eircuit consists
simply of & battery of suitable potential connected across
a potential divider, A pregision potentiometer is not ne-
cesgary since the instrument will eoperate at any potential
level, within certain linits, above or below the value set
on the balancing eireuit,
The 0,C, Amplifier. The first stage of the three stage
D,C, amplifier consists of a pair of ME1I400 electrometer
tubes, This long-tailed pair input cirouit has many
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advantages over the more conventional designs, It is
self-balancing since changes in the tubes tend to average
out, Inphage potentials imposed on the input circuit,

in particular 50 eyocle hum, balance out and so do not
appear in the output., This is a great advaniage when the
grid is attached to a large eleetrode; By having an equal
reference potential applied to eagh tube large input D,C,
leveles may be handled, providing the variation in the input
circuit is smell, The use of these electrometer type
tubes vtabilises the smplifier’'s D,C, level and also
provides a high input impedance, This high input impedance
is negessary to 1imit the surrent drawn through the refere
ence half gell o ag to prevent pelarisation of this
electrede and to minimise any resistive effects in the
electrolysis cell, | The output of this stage is equal to
the difference of the input potentials multiplied by a
constant A which is approximately equal to half the gain
of one tube,

The second atage of the amplification ies provided by
means of a high gain triede 12AX7, working with a gonstant
current load, Two high mutual gonductence tricdes, 6J6's,
wired in parallel were used for the output stage., These
valves are small and they will work into 2 low iumpedance
load such as that provided by & typical field eoil.
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The VR105 and the VR150 valves stabilise the plate voltage
supply to the valves of the amplifier,

The meansured gein of the amplifier input to the field
terminales was 7,000, The amplifier circuit, excluding the
conventional power supply eircuit, is shown in Fig, 7.

Ihe Generator.

An exe~disposals 1FF type generator motor was used for
the generator, The gears were removed and the fields were
rewound and connected in parallel to give a load of 5,000
ohmg, This ie the working load required for the output
stege of the emplifier (6J6's), The generator was coupled
to a 1/6th H,P, 1,450 R,P.M, induction motor, The use
of this machine enables & low potential « high current D,C,
source to be obtained more readily than is possible using
most other metheds, It also has the additional advantage
that a power gain moy be achieved, The machine has the
only long time constant in the system - approximately
1/10th second response. with this particular generator
the meximum potential output is § volts and this is produced
when 120 volte are applied to the field windings,

The ctability of the Instrumont.

To test the stability of the imstrument, the generator
output wires were connected agross a potential divider and
a fraction of the ontput potential was fed onto the input
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terminals of the smplifier, This input potential ﬁaa
opposed by an equal potential from the balancing circuit,
The speedomex wese conneeted zerose the input terminsle of
the amplifier to record any drift in the oontrol potential.
The potential divider setting and the balancing potential
were adjusted to test input potentials to the amplifier
ranging from 0,1 to 0,7 volts,

The recorded imput potential, on the first setting,
drifted slowly during the first 90 minutes of running,
The drift amounted to a change of 79 mV over the 90 minutes,
During this period the rate of the drift decrecased steadily
until it finally disappeared, After this period the
control was excellent, On all settings the graph of the
input potential showed no deviation from the set potential
exgept for some minor fluctuations due to line voltage
variations, These fluectuations were eliminated by placing
a stabiliser between the 240 A,C, power input to both the
amplifier and the speedomax,

The D,C, amplifier requires an appreciable “warmeup"
period of approminafcly one and a ‘half hours before using,
This is a disadvantage inherent in D,C, amplifiers,

For the initial warmeup period the arrangement
deseribed above of feeding part of the output of the

generator onto the input terminals of the amplifier was
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found most suitable, After the one and a half hours, the
output of the generator is switched tc the electrolysis
cell and the cathode « 85,C,E, potential is switched into
the amplifier input eircuit,

The photograph, Fig. 8, shows the instrument in
operation during a separation of copper from bismuth,

The D,C, supplied from the generator is gonnected to the
Griffin and Tatlook electrode stand and the stirrer motor
of this apperatus is used to agitate the solution, The
8,C.E, is connected to the green terminal (G) which is
wired through the one meg-ohm resistor to the grid of one
electrometer tube., The cathode is connected to the black
earth terminal Bl, The positive lead from the balancing
c¢ireuit is connected to the red terminal (R) which is joined
through the one meh-ohm resistor to the grid of the other
electrometer tube, The other lead is earthed at B2,

The speedomax is connected agross the §,0,8, -« gathode
input circuit to the amplifier, This records the
stability of the automatic control during the course of
the electrolysis,

The application of the instrument to the determination
of deposition potentials and to metal separations is dealt
with under these headings (see pages3 ), The performance
under varied working conditions is discussed at the end of

the above section (page/or ).
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Section iii

THE QUANTITATIVE SEPARATION OF COPPER AND LEAD FROM TIN BY

CATHODIC DEPOSITION.

In recent years increacsing attention has been given
to the problem of separating coprer, lead and tim by con=-
trolled potential deposzition. “everal of these methods
{19,22,23,24) depend on the deposition of copper/b:gtrollo
ed cathode potential followed by simultaneous cathodic
deposition of tin and lead. The tin and lead deposit is
then dissolved and the metals determined separately. It
is, however, possible to increace the difference between
the deposition potentials of these two metals by forming
ctable anionic tin complexes. Iacssiecur (25) used this
method to separate coprer and lead dioxide simultaneously
from tin in a solution containing hydrofluoric and nitric
acid. Boric aeid, sodium oxalate, hydroxylamine and sode
ium hydroxide were added and then the tin was depositdd
cathodically from the hot solution. His results, reported
to the nearest milligram, showed errors in each estimation
up to lmg. Lingane and Jones (26) complexed tin as the
tartrate and ecarried out the separation of copper from lead
in slightly acid solution in the presence of hydrazine di-
hydrochloride. After the depoeition of lead, hydrochloriaé
acid wmas added and the tin deposited. No more than 50mg of

lead could be held in =solution and the lead figures showed
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losges of from 0.3 to Z.1 mg, while five tin figurce had an
average deviation of 0.7 mg. Torwitz (27) used phosphoric
acid to keep tin in solution in 2 nitric acid electrolyte
and thus avoided the tedious geparation of metastannic acid
prior to electrolytic deposition of coprer. The stability
of tin phosphate complexes is further demon:trated by the
foet that sntimony chloride can be distilled at 160°C withe
out interference from stannic chloride if phosphoric aeid i=s
present (28). These facte prompted the suthor to examine
the eleotrolytid reductions of copper, lead and tin in phos-
phoric acid.

Preliminary Investigation of Reduction Potentials.

A preliminary polarographic investigation of the be-
haviour of copper lead and tin in phosphoric acid was under-
taken uging a recording Tinsley polarograph. A dropping
mereury capillary was used as the cathode and a saturated
calomel electrode of 6.6 sgem mercury area as & reference
anode. The results obtained are listed in table (3). Both
copper and lead give reduction wavee which are far enough
apart to suggest the poseibility of a separation on the
mzero sczle, whereas no reduction step is obtained from the
tin in acid or ammoniscal solutions.

In the reduction of metal ions at a mercury cathode, °
the heat of formation of the amalgam: results in the die-

charge tsking place with the expenditure of lecs energy
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than that required to reduce the ions to the zo0lid metals.
Also the deposition of 2 s0lid metal requires s measurable
overotential which makes the discharge process less rever=
gible than at a mercury cathode. It was necessary, there-
fore, to verify these volarogravhic predictions by deter-
mining the deposition potentials under the actuzl conditions
existing in electrolycis with platinum 4o§1te}:tcgl;:§ce;o-scalo.
2olution of the metals.

Norwitz, in his method for the deposition of covnper in
the precence of tin dissolves the rample, without heating,
in Z20ml of 1.1 nitric aecid, 10 ml of aater and 10 ml of
phosphoric acid are added before boiling to remove the oxid
-¢z of nitrogen. This method of =olution was not satise
factory for it was found that, if the weight of tin present
ie greater than 60 mg, the metastannic acid precipitated
during solution will not dirsolve completely on the addition
of phosphoric aecid. However, if a mixture of hydrochloric
and nitrie acid is used the tin is not precipitated and this
difficulty is overcome.

The precsence of nitrie acid in the electrolyte acts as
a cathodie depolariser which prevente deposition of lead on
the cathode. Lead dioxide will deposit on the anode but
this is by nc means quantitative, the phosphoric acid in-
hibiting the precipitation. Hydroghloric acid, in the con-

centratior used to dissolewe the metals, causes simultaneous
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veposition.of lead apd {in metal. These tests indicated
that the nitric and hydrochlorie acids must be removed be-
fore deternining the cathode deposition potentials of each
metal. Evaporation of the =solution to expel these acids
proved to be the zimplest, yet most effective method for
their removal.

’rocedure.

37 mg of coprer were disgsolved inm 10 ml of the acid
mixture (5 ml of 10N.H@1 4 5 ml of J.SN.HKOB). Vhen =olu=-
tion was complete, 10 ml of phosphoric aecid (Zp.gr.,1.75)
were addec and the solution acids evaporated, The s=olu=-
tion was cooled and diluted to 150 ml with distilled water.

The solution was electrolyred using Griffin and
Tatlock platinum gauze cylindrical electrodes. The larger

electrode (surface area 175 s .cm) was used as the cathode
and the smaller inner electrode (75 sq.cm) as the anode.
The solution was agitated by a motor driven glass gtirrer
epinning inside the inner electrode. A Cambridge dip type
"saturdted calomel electrode” (S5.C.E.) was flaced as close
as possible to the cathode. The potential difference
between the cathode and the ©.C.E. was measured on & vacuum
valve voltmeter.

The potential apnlied to bhe platinum electrodes was
gradually inereased from zero ucsing the author's manual

variac circuit (see page 26 ). The deposition potential was
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t ken as the cathode - ©.C.E. potential at which visual
deposition of the metal occurred on the electrode. A
multi-ammeter was included in the circuit and the curge of
the current also indicated deposition.

. copper plated platinum electrode was used to deter-
mine the deposition potentials of lead and tin respectively
from 107°¥ solutions prepared by the rame method. The
copper electrode was used because the depositioh potentials
of lead and tin on copper are the figures of interest.

TABIAE 3¢

Deposition Yotentials of Copper, Lead and Tin from
Thosphorie ‘ecid.

Polarographic determinations Macro electrolytic deter-
with dropping Hg electrode. minations with Pt elect-

: rodes.
Deposition Half wamge Observed depose
Conc. potentials potential ition potential
in volts ¥Ys:. 2.C.B. Conc. in volts Vs,
+ BB
Copper
1034 40.07 -0.06 1072 -0.01
Lead @
10-33{ -0.42 "0046 10"&' '0052
Tin
1038  ¥o reduction 10"°M  Wo deposition
Tin =oln.
Yade No reduction No deposition
ammoniacal

Both the polographiec deposition and half wave potent-
ials are compared to the observed deposition potentials in

the table above. The deposition potential on the polarogram
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ig taken as the potentia! at which ‘he su:ge in diffusion

current begins.
The vifiference in the depo=ition potentizls obtained

at the mercury smd 2t the platipum electrode are illustrated
in the above table. From the results of thesze preliminary
experiments it was estsbliched that separations of the

theee metals are possible, and should be guantitative.

eparate determinations of cach metal were undertaken to ace
certain whether deposite from phosphoric akid electrolyte
are suitable for quantitative analyeis, and if°%he range
to which the method could be applied.

The Petermination of the Covper.

Since the proposed method includes & new technigue for
the preparation of the electrolyte, the first step was to
test the =olubility of coprer zalts in phosphoriec @acid under
the treatment followed in the method. Diffebent weights of

R Co per metal were discolved in 10 ml of the acid mix-
ture. “hen =olution was complete 10 ml of phosphoric acid
were added and the solution acids fumed off. It sas found
that if more than 450 mg of copper are present, a white
insoluble copper compound is formed during the evaporation
of the acids. This compotind will not diesolve on diluting
with ‘ater and boiling. The formation of this comround
appears to result from the incrcase in temper:zture of the

solution on prolonging the heating after the removal of
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the volatile acids. It can be aveided either by increasing
the qunatity of phosphoric acid or by tasking less than 450
mg: of copper. The latter alternsti.e is recommended for
it was found that an inecrecase in the phosphoriec acid concen=
tration incrcases the difficulties associated with handling

the lead plate.
From the phosphorie acid electrolyte the copner depos-

ited as a bright salmon coloured adherent plate but if the
current denzity excecded 1l.5amp/sq.dm the deposit tended to
powder and could be removed by rubbing. ‘hen the deposi=-
tion was complete, the stirrer wa: switched off and, as the
berker was lowered, the electrodes were warhed with a2 stream
of uwater from a wash bottle. The current sas switched off
snd the cathode removed, rinsed in alecohol, dried at 105°C
cooled and weirhed. The rezult (shown in table 4) obtained
for a range of 19 mg to 38Omg of the metal comp:re favour-
ably «ith those obtained by recommended procedures snd thus
verify the suitability of this method for the quantitative

apnalysis of copper.

Table 4
wantitative 7. st of Copper Depo:sition from Thosphorie Aecid
Exp. ¥o. A.H. Copper Copver found Difference
taken in mg. in mg
1 15.3 15.2 -0.1
2 65.3 65.1 -0.2
3 155.4 155.4 .0
4 382.1 382.2 +0.1



ceparationof coprer from lead.

Having est-bli hed that the depcvition of copprer from
this electrolyte is . uantitative the next step was to invest-
igate the deposition of copper in the presence of lead.

To the weighed ~ R. copver samples were added different vole
umes of a standard lead solution and the sam»le was prepared
for electrolysis as previously described. The electrolysis
apparatus was assembled as described in the initial depose-
ition experiment: (page45) again using the larger elsctrode
as the cathode. The speed of the stirrer motor was adjuste
ed to give efficient stirring and the anplied potential
fixed to give a current flow of 1 amp. The course of the
electrolysis was followed by taking readinge of the cathode
- .C.%., potential and the current at one minvute intervals.
The cathode potential wae allowed to drift until it reached
-0.35 V to ~.C.k. -t this point the applied potential to
the cell was reduced to hold the cathode at this potential.
-0.35 V to .C.&. is recommended in most of the published
methods (19,22,23,24), previously mentioned, for the csepara-
tion of copper from lead =zpnd tin =nd from the inspection of
the obrerved potentials (see page4§ thiz control point should
apply in this method. ihen the currcnt became con:-tant,
(after about 35 minutes) the stirrer was stopped and the
electrodes washed apnd hanuled as before. The various guante

ities of copper separated from the lead and the results
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obtained are shown in the table bdow.
Table 5.
eparation of Coprer from Lead.

Exp. No. A.H.Copper Copper found Difference .t of lead

takcen in mg (mg ) (mg) nresent (mg)
1 372:3 372.3 0.0 50.0
2 105.4 10542 -2 100.0
3 25.7 25.8 -0.1 200.0

In this series of experiments co ner has b-en gquantitate
ively separ ted from a range of coyper and lead in ratios
from 7 Cua ¢ 1 Pb to 1 Ca : 8 Ph.

The coursc of the eleetroly is during a separation ie
shown by graphing the c¢sthode - ".C.E. potential against
time and the current against time. The graph in Fig. (9)
was drawn from readings tzken during the separation of
37Z2.3 mg of copper from 50 mg of lead. Before the current
was ewiiched on the platinum electrode was 0.65 V. more
pogitive than the 5.C.B., the measuring system being (Pt/bJH-
satd. KC1 Hgs 612/&m0. %hen the applied potentail was ade
justed to give the initial current flow of 1 amp, deposition
of copper immediately occurred and the cathoée potential fell
to =0.17 V. megative to the ©.C.E. The measuring system had
changed to (Hg/Hgz Cl; satd KC1 : Gﬂ”/bu°) and the leads to
the voltmeter had to be reversed to mske the reading. This
change is indicated by the sudden drob from A to B on the
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Calhode versus Colomel! Fotentral

Cothodle polential versus time ¢ current
versus time for @ controlled pofential

separation of Cu from Pb.
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potential curve. The electrolysis then proceeded at conste
ant apnlied potential (from B to C)and the change in cathode
potential is brought about by the diminution of the copper
ion concentra=tion in accordance with the FNernst equation.
After 20 minutes the cathode potential reached =0.35 V. below
the 5.C.E. and the applied potential was decreased by means
of the variac to keep this value constant (C to D). On con-
trolling the cathode potential the fall oif in current (Graph
I) became expomential as its value depended on the controlled
rate of discharge of the covper ions and after 35 minutes
electrolysie the current virtually reached a constont value
indicating that the rate of removal from the solution of the
copper ionms has reached equilibium with the rate of resolutimn
of the copper by the acid and oxygen stirred into the solution
at the anode. This wes t:oken 28 the end point and the elect-
rolysies was discontinued.

The determination of the lead.

Firet the solubility of lead salts in phosphoric acid wase
examined in the same mapper as described for the copper. On

addition of the 10ml of phosphoric acid after dissolving the
lead, a heavy white lead salt was precipitated. Howewer
this precipitate redissolved on evaporaztion of the volatile
acids and as much aes 1 g of lead will rem2in in solution,even
on dilution and boiling.

A solution containing 50mg of A.R. lead was electrolysed



usging the emaller inner electrode a¢ the cathode. This
electrode was coated with co per to protect the platinum.

The apnlied potential was adjusted to a value which pro-
duced lead deposition but did not cause liberation of hydroe
gen at the eleetrode. The lead was deposited completely
within one hour. Thies wae confirmed by spot testing with
sodium sulphide solution. The lead plate, however was dark
and spongy. It did not adhere sufficiently to the electrode
to allow washing.

Thie trouble was encountered in the early days of lead
electroplating and was overcome by Betéggzho uced gelatin as
an addition agent to the bath to improve the plate. ixpere
iments uasing different weighte of gelatin in the electrolyte
showed that the addition of the surface active agent entifely
altered the nature of the plate producing & bright grey depo=
git which was both metallic and adherent. If more than 2 ml
of a 0.5% gelatin solutionwere added to 150 ml of electrolyte
the stirring produced considerable frothing 2t the surface of
the liguid. This was undeczirable for it interfered with bhe
washing of Bhe plate. 1l ml of the gelatin solution gave a
good plate and did not cause frothing. If the current dense
ity exceeded 0.6 amp/s;.dm hydrogen gas was discharged at the
electrode and this resulted in 2 pewdery depeoeit. It was
found that the design of the stirrer had some effect on the

nature of the depeosit. The most satisfactory stirrer was one



which forced the flow of the electrolyte evenly through the
mesh of the electrode. Under these conditions of deposit-
ion the plate is more uniform and finer in texture.

Having improved the nature of the derosit the method was
subjected to qumuatitative tests. Samples of A.R. lead metal
were dissolved and electrolysed using the same apparatus as
for the copper deposition. The applied potential was adjust-
ed to give a current flow of O.3amp. On completion of the
deposition the deposit was washed by a stream of water from a
washbottle, rinsed in a2lcohol followed by ether, dried at
100°9C, cooled and weighed. The results obtained were usually
high, but this could not be attributed to oxidaticy during
the drying process,for very little change in the colour of
the plate occurred. On testing the electrolyte with hydro=-
gen sulphide, lead was detected while quantitative testes on

the dissolved lead depo$it revealed the presence of phosphor-

as. The presence of lead in the electrolyte was proved to
be due to resolution on washing. On removing the electrolyte
beaker and subsfituting 2 beaker'of distilled water in its
place, lead was detected in the distilled water but not in the
electrolyte. Attempte were made to eliminate resolution
during washing and phosphate contamination.

Regolution of Leadi » during washing.

Schoeh and Brown {22), in their method for the deposit=-

ion of lead from hydrochloric acid, washed the lead by
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substituting for the electrolyte suécessive beakers of dis-
tilled water, aleohol and ether. The grecatest erior in ten
resultes was 0.7 mg with an average deviation of 0.5 mg.

They recommended thiz method in preference to the znodic de-
position of lead dioxide. Sand (3C), however, preferred
the deposition of the dioxide owing to the oxidisability of
the lead deposit. Lingane and Jones (26) who deposited
lead from tartrate solutions recognised the lors of lead dure
ing washing and made the following comment: "This loss
averages l.5 2 0.6 mg and ie sufficiently reproducibdle eo
that it can be added as & correction to obtain lezd results
which generally will be correct to well within 1 mg".

Opn using the technique of washing described by “choch and
Brown (22) thc wash sclutions invaricbly were found to con=-
toin lead, salthough none remeined in the electrolyte. This
finding was reported by Eny - Jones, Lindrey end Penmey (31)
in connection with the re-solution of timp depeeité from hydro-
chlorie aeid. Thece workers recogniced that the lo-z was
due to resolution of the depoeit by the film of electrolyte
left in contset with the plate on the rcocmoval of the elect-
rolysis beaker. The procedure, suggested by these authors,
of neutralicing the electrolyte with ammonia prior to washing

was examined in the following expecriment.

The solubility of lead in phopphate solutions of increasing pH.

This experiment was designed to dupliente as ncar as
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roczible the conditione uncder which the lead plate iz washed.
In the vashing process the electrolyte beaker is removed and
rioplaced by the wash beaker. During this procedure the
nlate, covered by 2 film of electrolyte is exposed to the air
for 2 few seconds. Resolution of lead is assumed to take
place cduring this estep, so the exeriment should include a
similar exposure test. On acdiing ammonia tc the electrolyte
heat is generated and agzin this should be duplicated &f the
resultes are to be significant. Finally frecsh lead deposits

should be used for each test to avoid the formation of pro-
tective coatings on the lead surface and to produce the heate
ing effeet that will occur on the addition of different vole
umeg of ammoniz.

100 mg of lead were deposited from the phosphoric agid
electrolyte. The ammonia was added and the beaker was
dropped below the electrodes znd the plate % as exposed to the
air for three secends. The electrodes were immersed in the
solution again for one second &nd the beaker set aside for
tezting. The procedure was repeated on 100 mg depasits
plated under the same conditiones for ecch volume of ammonia
shown in the results.

The p# of each solution was found uring a Cambridge pH
meter. The teszt szolution was evaporated to less than 100 ml
and ite PH was adjusted to 5 using either =zmmonia or phosphor-

ic acid. The volume was made up to 170 ml in a measuring
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Teble 6.

PYolarographie tests for resolutiom of iead in phosphate
solutions of inereacing pH.

Vol. of conc.

ammonia ~tep height Range %?. of vb
added (ml) pH in divisionz wA per mg)
100
divisions
- 008 14 1.0 205
4.0 1.3 12 1.0 2ol
8.0 % 9 1.0 1.8
10.8 3.0 9 0.5 0.9
12.0 3.6 4 0.5 0.4
14.0 5.4 2 0.4 0,2
18.0 6.2 2 0.4 (0,2
22.0 72 2 0.4 (0.2
26.0 8.2 2 0.4 (0,2
30.0 8.9 3 0.4 002- 0025
36.0 9.3 3 0.5 0.3
Standards 75 1.0 1.5

5.0 0.5 .5
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cylinder and the polarograms were run using the Tinsley
instrument. Two stondards containing 1.5 mg of lead/100 ml
and 0.5/100 ml were trcated in the same manner as above.

The rcsults are shown in table (6).

“hile the polarographic determination in the phosphate
supp rting electrolyte did not prove extremely cencitive the
results were still comparative. The graph Fig 10) of the
pH of the test solution against ite lead content due to the

resolution showed that, for the surface arca taken, the cole
ubility of lead im zolutions of pH less than 5 was Guite
appreciable. Minimum solubility occurred beti.een pH of §
to 8. For zolutions of pH greater than 8 there waz a very
slight inerease in the solubility. “ince a solution of 5.4
pH is obtained by the addition of l4ml of 15 W NH.CH to 150
ml of electrolyte and a pH of 8.2 by adding 26 ml. this
experiment indicates that, providing the volume of ammonia
exceedsld ml the exact volume added is not critical as far as
the lead resclution is concerned.

Resolution Tests of lead leposited on Copper.

Lindsey (32),1n 1950, pubiished the second paper on tim
estimation from hydrochloric 2ae¢id which followed up the
earlier work. In this pasper he peinted out that the errors
involved in the washing were reduced to a minimum if the
electrolyte weas neutralised 2t the end of the electroly-is,
apnd if the plat;uum electrode was previously coated with

coppers The reason for coating the platinum electrode with
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copper was based on a series of experiments mentioned in

his earlicr paper. “ell adhercnt deposits of tin were
dipped for 10 seconds into the electrolyte from which they
were deposited. They showed losses of about 1 to 1.8 mg
which became 2till greater if the electrolyte made contect
with the platinum 2= well az the deposit. The logs was
les= when the cathode was coated with a less noble metal
such as coprer. Thusg it was concluded that re-colution

wag promoted by electolytic action betieen the tin deposit
apd the platinum electrode, and the coating of the elect-
rode with coprer reduced this galvanic couple. However,
these experiments were ¢ rried out in the acid electrolyte
and the deductions were apnrlied to the washing technique
which is done in slightly a'moniacal solution. The author
considered that it was incorrcet to assume the two condit-
ions identical. The following experiment was performed to
test the validity of the deductions applied to the behaviour
of the metals in ammoniacal solution.

In the first test half the coprer electrode was covered

with lead deposited from the phosphorie acid electrolyte.
ihen depozition wa: complete, the electroly=i= beaker was
raised to immerse the whole of the electrode. 22ml of 15 N
ammonia were added to neutralise the acid. The electrolysis
beaker was quickly replaced by a beaker of distilled water.

This procedure was repeated leaving one quarter of the
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copper electrode and finally one tenth of an inch above the
solution.

Lindeey relied on the cifference betieen the theoretical
and the actual weight of the depoeit as a test of re-solutian
but the suthor considered that more reliable information
could be obtained by analyeing the electrolyte and the wach
solution for the precence of both copper and lesd.

Feolarographic methods were used to examine these solut-
ions for it .sas guick and suffieiently asccurate for diagnosis.
Ite value lsy in the fact that the two elements could be ana-
lysed eimultaznecusly in the one =olution. #1lthough the meth-
od is not ar accurate az other micro methods, its advantages ,
applied to these teste more than justify ite use. The polare
ographic determination of lead and coprer in phosphate =olu-
tion of pH5 as the suprorting elecectrolyte had been used preve
iously (pages7) and =o the dectrolytes were tected in the
same manner. The wash water was analysed using sodium pot=
ascium tartrate as the cup orting electrolyte. The prelim=
insry calibration tests for lead and eopper in an g solution
of this electrolyte chowed the method to be more sensitive
than the phosphate electrolyte giving well defined reduction
stcps for both copper and lead.

Particulars of the determinations made are given in
Table (7). They showed conciﬁaively that copprer if exposed

wasg attacked by the ammonia.
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Table 7.
Heeolution tests of lead deposited on co per during washing
procedure.
Copper surfuce “lectrolyte. %ash colution.
expocec.

‘eight of Weight deight of Jeight

copper (mg) of lead <copper(mg) of lead
1/2 electrode 4.5 - 2.2 tr
1/4 electrode 2.9 - 2.0 tr
1/1velectrode 0.6 - - 0.2

Even the attack on the very small area ‘of copper exposed in
the last experiment caused a loss of U.6 mg. Thiz re-sol=-
ution occurs in the few cecond: taken to disperse 2nd neut=-
ralise the ammonia. Thues it was found that, if copper was
expored to the colution, it incrcased rahher than decreased
the lose due to re-solution. To avoid thds lose the coprer
muet be coverec eompletely by the lead deposit. Deductions
of th: galvanic effect of the electrode met:l on re-sclution
of the deposit in aeld solution do not apply to ammoniacal
zsolutions =ince copper, the less noble metal chosen for the
electrode, is itself attacked by ammonia.

Lindsey's results were exarined more closely in the
light of the above experiment. hen ammonium salte were
present with either type of electrodes results were low by
1l to 4 mg although, if the colutionwas neutralised with HH3
at the end of the electrolysis, the error was reduced in

four determinations with copper electrodes to - 0.4, =0.4,
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~0.5 and 0.3 mg, and with platinum to -0.1,0,0, and 0.1 mg.
These and the other determfpations reported, werc erract ¢
asregards gaine and losses in the weight: of the deposits.

It is apparent that compencating errors, such as increases
due to oxidation on drying, redﬁce the reliability of deduct-
ions on the re-solution of ceposite from their weight:. His
result: on lozses using copper electrodes compared to plate
inum electrodesz could be interpreted to support the claim that
plating the platinum electrode prior to lead deposition does
not reduce re-:olution if the elctrolyte is neutraliced with
ammonia before washing.

Phosphate contamination of lead depozit.

The washing technique in zll the above experiments was
standardised, as near as pocsible, to a one second contaet .
of the deposit with 17v ml of aistilled water contained in a
15v ml squat bezker with the stirrer and the carrent running.
In the next experiment the time of contact of the plate with
the wash water was varied from one second to one minute in
six steps. The phosphate tests on the plates showed no sige-
nificant decrcase with increased ‘ashing ti e. However, on
testing the wash :olution:s they wepe found to contain from
165 to 195 mg of phosphates calculated as PO,. :
Finally, the resulte of a series of experiments in which

sep rate plates were tr ated with an increaing number of dise

tilled water washes indicrted that if four separate wash
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beakers were used the phosphite content of the plate .as re-
duced to & negligible cuantity. This appeared to be the
most promising ay roach to the problem of removing the phos-
phates from the lead depo:sit, but ite =ucces=s depended'on
the guantity of lead lost on increasing the number of wach
sglutions.

It has been reported several times in the literature (19
24,26) that lead deposits must be washed as quickly as posse
ible with the minimum quantity of .ater to avoid re-solution.
The author first a'tempted to improve the wash technique by
substituting other wash sclutions for the distilled -ater.
U.1% solutions of aumonium nitrate, ammonium csu phate, ammon-
iam chloriuerand hydroxylamine were tried im turn. 4 fresh
lead plate was immersed threce times im 120 ml of each zolu=-
tion by moving the besker up =nd down with the stirrer running.
fach solution was tested polarographieally for lead. The
armoniums=ulphate was the only =olution tooffer any advantages
over dictilled water. Slightly leess lead was pepesent in
this solution and the plate did not discolour curing drying.

Fow, the re-solution f lead was examined when the
depocit was immersed consecutively in four =separate washsolue
tions. 50 mg of lead were deposited on platinum electrodes

previously platec with copper. Care was t ken to ensure
that the lesd completely covered the eccnper. “hen the lead

was completely depocited the electrolyte wa:s neutraliced with



ammonia «nd the beaker quiekly replaced, in succession, by
four separate wasphsolutions of 120 ml volume contrined in
15C ml beakers. Thecurrent wa: left on throughout the warh
p-riod which took a proximately 35 seconds. The stirrer
was switched off as each beaker was lowered, =nd switched on
again ag the next wash solution covered the stirrer blades.
To achieve quicker washing eich wash besker was moved up and
down three times while in contaet with the electrodes withe
cout expozing the plate t. the zir. The firest tests were
carried out using three washes of 0U.1. amenium sulphate sol=
ution and then one wa-h with distilled water. In the second
gseries four separate distiiled water washes were used.

The wash solutions were evaporated to half bulk and then
made up to 100 ml in & measuring flazk to give an ;.sctztion
of sodium pota:ssium tartrate. Lead standards were made up
under the same conditions with and without the ammanium sul-
phate. olarograme on the standard solutions in the dilut-
ions used showed no diiference in step height: or half wave
potentials in the presence of the ammonium sulphate. In
these analyses, the temperate was controlled at -5°C, nitro-
gen was bubbled through the =olution for 15 minutes and the
drop time of the mercury c¢:thode was maintained at 10 crops
per 3v seconds. In all the polarograms a mercury pcol was
used as the anode. The step height in ezch case was taken

as the vebtical height through the mid-point of the step
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bet .een the intcrsection with the top and bottom extra-
pelated curves. The impurities in the supporting electro=-
lyte gave a step at approximately - 0.15 V. but, zipece this
was far in advance of the lead step and since it was dupli-
cated in the analyses of the standards and in the blanks,

it did not interfere with the determination.

rarticular: of the determination are =hown in table (8).
From the comparicon of these two zets of results it sas seen
that little difference existed between the two wash solutions
as regards the re-solution of the lead but, since the ammoné
ium sulphate gave a dried plate of a better appearance, this
solution is recommended by the author. A zmall quantity
of lead was found in the first wash becker and negligible
quantities in the other three. The preszence of the lead in
the first wash resulted from re-szolution of the depouit by
warm film of neutralised electrolye left in contact with the
plate and the air on the change of beakers. Once this was
removed from the electrode no further loss of lead occurred.
Jince these findings are somewhat contradictory to the methe
ods advocating a rapid wash of lead plates with the minimum
of wash solution, the actual polarograms obtained in the
above experiment ape included here (Fig; 11)
The washing technique described previously, of washing

the plate with an increasing number of wash solutions was

repeated u-ring ammonium sulphate in place of distilled water.



Table 8.

Polarographie results of lead content of wash solution=.

7ash “elution.
(2) Dietilled water.

lst becker

‘nd bezker

3rd beaker

4th beaker

tep Height.

0.0%5u4

about 0.02 ui

{b) 0.15 Ammonium sulphate.

lst beaker
2né be:ker
3rd beaker

4th beaker
(distilled water)

S“tandards

50 mg deposit was washed with one

0.04(5) uA

Sbout 0.01us

0.14 wuA

0.075) uA

#t. of lead peesent.

.13 mg.
about 0.04 mg
negligible
negligible

0.12 mg.
0.02 to 0.03 mg
negligible
negligible

0.4 mp
0.2 mg

beaker of 0.1 ammonium

sulphate. The weighed depocit vwas dissolved in nitriec aecid

and its phosphate content determined.

Thies proeedure was

repeated using = (b) two ammonium :ulphate wash eolutions;

(¢) two ammonium culphate solutimns and one distilled water

wash; (d) three ammonium sulphate colution: and one dis-

tilled water wach.

All wash colutions in the last experiment were tested

for phosphates.

The results are included in the followingtables. They
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show the necessity of waching the lead deposit with at least
three separate volumes of wash solution to reduce the weight

of allsorbed phosphates to less than 0.05 mg.
Table (9)

Pho§phate content of lead plate using an increasing number of
wash solutions.

Wt. of Pb. DALL. WE. of
Wash method taken. found. phosphate
as POz on
Pb plates
| (ng)  (ne) (mg)  (m)
(a) 1 bveaker of 0.1% (RH4)2804 50.0 51.0 1.0 0.
(b) 2 be-kers of 0.1% (NH4)2504 50.0 50,3 €3 0.18
(e) 2 beakers of 041% (NH4)z504 50.0 49.9 =0.1 0.03
& 1 beaker of dist. HzO
(a) 3 beakers of 0.1% (NH4)250, 50.0  49.9 =0.1 negligi=-
& 1 beaker of dist. H20 ble
Table (10)
Phosphate analyses of wash solutions of (d) in Table (9).
Wash beaker Phosphate content as POy
First 171.6 mg
Second 6.4 mg
Third 0.46 mg
Fourth 0.12 mg

The high phusphate content of the first wash soddtion,
due to the cany over of the elctrolyte, explained the reason
for the earlier failure to remove the :adsorbed phosphates
by increasing the washing time using only one wash seolution.
These results also gave & rough indication of the carry over
of the ions left in the electrolyte to the other washselut-
ions. The original electrolyte contained approximately 17 g



of phosphates while in the second wash solution only 6 mg
were detected. This reprecented ap roximately one part in
three thousand of the ione remaining in the electrolyte .
Thue, for subsequent estimations after the removal of lead,
the analyst would be justified in including only the firet
wash solution.

The Recommended Procedure for depositing and handling lead
metal.

From the results of all the preceding experiments on
the handling of the lead plate it is recommsnded that the
following procedure be closely followed to reduce the loss
of lead to a minimum and to decrease the quantity of phos-
phates adsorbed on the plate to & negligible amoukt.

Firct deposit & protective coating of copper on the
platinum electrode. Add a surface active agent, such as
gelatin, to the electrolyte and deposit the lead over the
copper at a low current density. When deposition is com-
plete neutralise the solution with ammonia. Switch off the
stirrer anmd quickly replace the electrolyte beaker by the
firet beaker of ammonium sulphate wash solution. Switch on
the stirrer and move the beaker up and down threetimes.
Repeat this procedure with two other wash solutions and then
with cdistilled water. Pollow this by an 2lcohol and an
ether rince. Switch off the current and disconnect the eath-

ode. Dry the plate quickly at 100°C. cool 2nd weigh.
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Hange of lead determination.

Using the above technigwe K quantities of A.R. lead rang=-
ing from 10 to 400 mg were dis:solved and deposited to test
the range of the method. Since both adsorption and re-sol-
ution are related to the surface area of the deposit the
large eleectrode (125sy.em) was used for deposits above 1006ig
while the smaller electrode (75 sq.cm) was used for 100 to

50mg deposite. ¥For less than 50mg the lead was deposited
on to an electrode of 30 sg.cm surface area.

The partdidulars of the determinations are given in table
(11). The method was fomnd applicable over a range of 10mg
to 400 mg and gave results which were comparable to those ob=
tained using recognised methéds for lead determinations.

During the deposition of the higher amounts of lead,150
mg and above, the anode became slightly discoloured due to
the deposition of lead dioxide. However, when the concent-
ration of the lead ions decreased sufficiently, as a result
of their discharge, the anode coating re-dissolved and the
lead was completely deposited on the cathode. This re-sol-
ution of the anode coziing indicated the end point of the
electrolysis.

If the initial volume of the solution was lese than 120
ml an ammonium phosphate salt was precipitated on adding the
armopia at the end of the electrolyeis. This salt slowly
dissolved on prolonging the stirring of the electrolyte.
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Ite formation was avoided however, by diluting the solution
to 200 ml before electrolysing.

Table (11)
Range of lead deposition
A.R, lead taken Lead found Difference.
(-:3n

(mg) (mg)

10.0 9.9 -0.1

10.0 9.8 «0.2

25.0 24.8 0.2

50.0 50.1 0.1
150.0 149.8 -0,z
200.6 200.3 «0.3
300.0 300.9 0.0
400.3 400.5 0.2

SEPARATION OF LEAD FROM TIN.

“olutions containing known mixtures of lead and tin were
clectrolysed using the procedure describédd for the lead esti-
mation. Again insoluble salte were formed on the addition
of the phosphoric acid. These suddenly re-dissolved in the
phosplioric acid as the last traces of the velatile acids
were removed.

The lead results, given inm table (12) below, showed that
satisfoctory separations were obtained.

fhie experiment also established Bhat the lead vashing
technique could be applied in the presence of tin in the elec~

trolyte, for, on neutralising the solution with asmonis tin
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was not precipitated from the phosphate complex.
Table (12)

Separations of lead from tin.

Lead taken Lead found Difference Tin present
(mg) (mg) (mg) (mg)
50.0 49.8 -0,2 50.0
50.0 49.9 -0.1 150.5
55.2 55.5 0.3 300.0

100.0 100.2 0.2 300.°"

The Behaviour of Tin in Phosphzte Solution.

In the initial tests on the method of solution (page+4)
it was found that up to 500 mg of tin would remain in solut=-
ion in 10 ml of phosphoric acid on the evaporation of the
volatile acids. Sinee the tin remained in the solution on
neutralising with ammonia, the first experiment was designed
to test the stability of the tin phosphate complex on electro-
lysing in ammoniacal solution.

A copper plated platinum eleétrode was used as the cath-
ode and in each experiment the solution was electrolysed for
ten minutes a2t a current of one amp. A neutral solution and
electrolytes containing 10 ml, 20 ml and 30ml excess ammonia
respectively, were tested. 300 mg of tin were present in each
solution. The electrodes were immersed in the electrolyte
with the current running to prevent re=-solution of the copper.

In each case vigorous evolution of gas took place at

each electrode but no deposition of tin occurred. This meant
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that the tin. complex wag not reduced before the hydrogen

deposition potential from ammoniagal solution was reached.
On neutralising the electrolyte with ammonia to reduce

the lead loss tin remains in solution but it does not depo~

sit, and therefore its presence will not interfere with the

lead washing technique.

ESTIMATION CF THE TIN.

If 30 ml of hydrochlioric aecid and 2 g of hydroxyleamine
were added to the electrolyte after the removal of the lead
the tin eould be deposited onthe cathode. However, from
the suthor's »revious experience with tin depositions from
chloride solution, he concidered that if a straight volumet-
ric analysisz of the tin were possible, it wouldbe mores pref-
erazble. With this view in mind, the applicability of the
iodine esttmation of tin was tested.

Phosphate sdlutions were prepared containing different
unantities of A.R. tin. These were diluted to 370 ml and
transferred to a eonical flask,3Z20 ml would be the approxie
mate volume after adding the first lead wash solution to the
electrolyte. 795 ml of YONHC1 and 20ml of nickel shot were
added and the solutions were boiled for 30 minutes. They
were cuoledin a COz atmosphere and titrated with lodine
using acid starch indicator. The iodine was standardised
against A.R. tin dissolved in sulphuric acid and reduced in

the same volume as the tezt colution in the presence of the



same quantity of hydrochloric acid. The guantities of tin
taken and found are listed in Table (13)
Table (13)
Igdimetric Ectimation of the Tin.
Wt. of tin taken. Wt. of tin found. Difference.

(mg ) (mg) (mg)
955 95.8 0.3
119.9 119.6 -0.3
173.8 174.0 0.2
2766 276.4 ~0,2

These results showed that the tin could be estimated
succesefully by volumetriec analysis. This method of detere
mining the tin was much gquicker and more convenient than
electrolytic deposition from the large volume of solution
remaining after the lead separation. The tin standard was
diescolved in sulphuric &cid to check if tin was loet during
the evaporation of the solution acids but no loss was appare

ent.

The Recommended Method for Separation and Estimation of Copper
Lead and m .

e

Different combinations of the three A.R. metales were
token te reproduce the compoeitions of some coppen based alloys
These were 2nelyeed using the final procedure deseribed below.
The A.R. metals wereused in prefercnce to the actusl alloys
for the known figures on ezch element are then abesolute.

They are not dependent on the accuracy of other guantitative
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methode, noy: are they influenced by error:s due tc segre=
gation in the alloy or faulty sampling of the alloy.

ilecommended Procedure.

To the weighed sample, containing not mere than 400 mg
of copper, add 5 ml of 10N hydrochloric acid and then 5ml
of 15W nitric acid and heat if necessary. “hen solution
is complete, add 10 ml of phosphoric acid (sp.gr.l.75) and
evaporate the volatile solution aecids. Cool, add 120 ml
of distilled water and electrolyse uzing platinum electrodes,
the omaller gouge clectrode being the eathode. Control the
cuthode potential at « 0.35 V to Bhe S.C.E, For the best
gonner deposit the initial current density should not exceed
1.5 amp/sq.dm. When the current becomes conztant at the
control potential, after avproximately 35 minutes, switch off
the stirrer and lower the electrolyeis beaker while washing
the electrodes, calomel electrodecafld stirrer with distilled
water. Switch off the curvent and remove tle e¢athode.

Rinse in aleohol, dry at 105%C, cool and weigh.

Feplace the weighed copper plated electrode in the cire
cuit. Add 1 ml of 0.57 gelatin to the eleetrolyte and adjust
the level so that all the coprer iz covered by the solution
(approx. 200 m1 bulk). Eleetrolyse &t o curpent cdensity of
zuch 2 value that nc hydrogen gas is liberated during the
deporition of the lead. THie is approximstely 0.4 amp/sq.dm
or at & eathode potentiel more positive than «0.8V to thef.C.E.



‘hen eleetrolysis is complete, after 1§ to 1} hours, neute
ralise the electrolyte with 157 ammonium hydroxide. witech
off the stirrer and guickly replace the eleetrolysis

beaker by a 15C ml besker contzining 120 ml of 0.1. ammon-
ium sulphate solution. ith the ~tirrer running immer:se
the electrodes three times by quickly moving the wash
beaker up and down. Repeat this procedure with two fresh
sulphate solutions and follow this by a distilled water, an
alcohol and an ether rinse. witch off the current and
remove the cathode. mieckly dry the deposit at 100°C,
cool and weigh.

After the removal of the copper and lead, transfer the
solution to a 500 ml conical flask and add to this the
first lead wash solution. Add 75 ml of 10 W hydrochloriec
acid, reduce with nickel shot and estimate the tin by
iodine titration using acid starch te detect the end point.

The results of the determinations are given below in
Table 14.

The results indicated that the separations and esti-
mations could be applied,with equal succeszs, to the esti-
mations of the three metals in copper based alloys and to

the determinations of copper and tin in white metals.
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Table 14.

The “eparction and Bstimation of Copper, Lead and Tin from
Phosphoric Aecid.

Copper Lead Tin

Yt.taken Jt.found Wt.taken ¥t. found Wt.taken Wt.found.

(mg ) (mg) (mg ) (mg) (mg )

385.0 385.2 97.5 97.5 15.6 15.4
366.2 386.0 76.0 76.2 38.9 38.8
400.9 401.1 4.8 49.6 51.0  50.9
358.2 358.2 25.0 24.9 103.8 103.6
27540 275.0 1.0 9.8 - -
245.2 245.1 10.0 9.9 - -

750 750 - - 198.2 198.0

45.2 45.0 - - 195.5 195.4

TEOTS PUR INTonReEx) ©G SLEMENT o

Elements that interfere due to low solubility in phose
phoric acid.

A number of elements was tested for solubility in the

phosphoric acid. ¥o more than 500 mg of the soluble metals
were taken because it was considered that this weight would
be wellabove the limit met in analyses of alloys for which
this method .as developed. Each metal was dissolved in 10
ml of the mixed acids and then 10 ml of phosphoric acid

were added and the solution acide removed by-evaporation.
The solution was diluted to 150 @l and then made alkaline
with ammonia. The results for the metals tested are listed

in Table 15. Copper, Llead and tin are included in this
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Bismuth, if more then 60 mg are present, vanadium and
titanium are the only metals of thore tested which will
interfere because of the forn:tion of insoluble phosphates.

Table 15-
Solubility of some metals in Phosphorie Acid.

Metal. Weight soluble ¥Effect of dilution Solubility

in 10ml B3PO§ to 150 ml. in NH
solution.
Argenic
Antimony
Zine
Cadmium greater colourless colourless
Tin than solution solution

Kolybdenam 500 mg

Wickel green solution blue solution
Cobalt Red pink " violet »
Iron mauve vy amber >
Chromium green s dark green "
HManganese purple - dark brown "
Copper mex. 450 mg blue . deep blue "
Lead 500 mg colourless " white precipitate
Bismuth mex. 60 mg glight hydrolysis " -
Titanium slightly soluble " . soluble in excess
:g::?rloas solu=
Vapnadium " or blue precipitate soluble in excess
yellow residue blue green solu-

tion
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Iron, aluminium and manganece do not precipitate on making
the solution ammoniacal. This means that the hydroxides

of these elements will not contaminate the lead plate on
applying the recommended wash techrique. This does not
apply to Lindsey's wash procedure for tin (32) or to Milner
and Whittem's method for washing the combined lead amd tin
derosit (19) for these estimations are earried out in hydre-
chlorie acid electrolyte. The above authors have not men=
tioned these interferences in recommending their methods.

METALS CO-DEPOSITED WITH THE COPPER AND LEAD.

The metals which are deposited together with the
copper and the lead are discussed briefly below. These
conclusions are based on experiments undertaken to deter-
mine the electrochemical behaviour of other metals in the

phosphoric acid electrolyte. The details of these exper=
iments are reported in the section dealing with the applic-
ations of the automatic instrument (pagef®3).

If bismuth is present in sclution it will depo=it with
copper if the gathode potential is controlled at -0,35V to
S.C.E. Arsenic, if more than 100 mg are present will also
co-deposit at this potential. ‘ntimony will not interfere
with the copper deposition but will deposit with the lead.

If nickel, iron or zinec are present in appreciable
quantities they will deposit from slightly ammonizcal solu=-
tion. However, if the initial condition of applied
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voltage is adhered togfor the lead deposition, on meutrale
izing the electrolytyg the cathode potential will remain
more positive than the depocition potentials of these
metals and they will not depo=it. This iz & second point
thet ‘has not received attention by the previous authors
recommending the ammoniacal wash technique.

Applieation of the method to bhe Analyses of Copper based
alloys.

famples of bronzes were analysed using both the phos=

phoric acid method and the conventional method. In the
conventional method the tin was precipitated as metastannie
acid, filtered off and then dissolved in sulphu ie¢ acid.
The carbon was destroyed and the tin waes fetimated lodi-
metrically. The lead was preeipitated by fuming with sule

phuric acid and then determined gravimetriecally. Then
the copper was electrolysed from & sulphuricenitric acid
electrolyte.

The results are shown in table 16.

In the two methods the elements are estimatedin the.s
peverse order. The agreement between the tin figures is
most significant since the tin iz estimoted first in the
conventional method and last in the phosphate method. The
copprer in the conventional method is estimated after two
filtrations und an eveporaotion to low bulk. ¥hiz probadbly
accounts for the consicstently lower figures in the A resuits

compared to those by the phosphate method where the copper
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L ¥
Table 16.
nalyses of Copper based /lloysns.

HMethod /# Copper /# Lead » Tin Balance.
(1) A 76.69 20.63 2.35 traee Fe

B 76.81 20.57 2.35
(2) A 73.94 16.22 7.99 0.58i,1.0%Zn

B 74.06 16.30 7:95
(3) 4 76 .46 13.89 ?.73 trace Fe

B 76.54 13.82 7.78 0.5Ni,1.0%mn
(4) & 53.83 3.27 8.30 1iPe & tmyy

B 53.95 3.23 8.27 balance Zn.

Hethod A -« conventionalmethod Hethed B - H3PO, method.

The phosphorie acid method enables the determinationof
copper, lead and tinm in an alloy to be completed within 3}
hours. It avoids the tedious separction of the tin as
metasztannic acid and the separztion of large quantities of
lead by fuming with sulphuriec aecid. The method has two
further advantagesy it avoids filtering, 2nd, if the solu-
tion of the alloy and the electrolytic processzes are carried
out in the one beaker, then, only one vessel tranafer of the
analy=is colution iz necessary inthe cource of the estimat-
ion.

Thies method has been introduced into the second year
analytical chemistry course of this Universifty a: an example

of a controlled cathode potntial sepamation. If has given
satisfactory results in the hands of the studests,
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Section iv

APPLICATION OF THE AUTOMATIC INSTRUMENT.

The behaviour of other metals in Thosphoric Acid Electrolyte.

Deposition Potentials. The following experiments were

carried out to determine the deposition potentials of the
metals which remain in solution in the acid or ammoniacal
electrolyte. Where possible, 200 mg of the A.E. metal or.
the equivalent weight of the oxide were dissolved in the
same manner as deccribed in the copper, lead and tin pro=-
cedure and diluted to 200 ml., A copper plated electrode
was used asz the cathode for the acid solutions and a plat-
inum electrode for the ammoniacal solutions. The D.C.
output of the generator was connected to the electrodes and
a multi-ammeter was wired in series with the cell. The
expected deposition potential mas set on the reference pote
ential divider circuit and the potential applied to the
cell was adjusted to give a cathode - 5.C.E. potential of
approximately 0.7 V, more positive than the set reference
potential.

The applied potential was increased by increasing the
gain of the amplifier to decreace the cathode potential in
steps of 10 mV. The cathode potential was held constant
for five minutes after each increase. The current flowing
in the cell was recorded and any change in the appearance

of the cathode was noted. The deposition potential wae



indicated by a sudden increace in the current flowing and by
the change in the nature of the plate. During 2 run the
cathode - 5.C.E. potential wae graphed against time on a
recording three range speedomax.

Becauge of the limiting =solubility of the bismuth salts
in phosphoric acid, only 40 mg of this metal were taken. The
current reading correspronding to the cathode potential are
includeu to show the change in current which occurs when the
deposition potential is rezched.

Cathode vs. .C.E. =0.08 =0.10 «0.12 =«0.13 =0.14 =0.,15 =0.16
potential ip volts

Current flowing in 8 10 13 15 17 2 102
tgagg&e vs. 3.C.E. «0.17 «0.18

Current flowing 12§ 155

Visual deposition occurred immediately the potentizl was
changed from -~0.15 to - 0.16.

The deposition potentials are listed in order in table
17- Copper and lead are included for comparison.

The deposition potentials from a-moniacal solution
were not as easily detected ac those from acid for the depos=-
ition doees not proceed with 100%Z current efficiency. This
ig due to preferential or simultaneous hydrégen iop discharge
which masks the surge in current at the deposition potential.
The deposits also are difficult to see on platinum. Depose

ition of antimony in acid solution and manganese in ammon=-

iacal solution occurred slowly, without apprecizble change
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in current. Manganese deposited on both the cathode and
the anode. As wag expected, aluminium, chromium, molybden-
um, titapium and vanadium do not deposit from ammoniacal
golution.
Table 17.
Deposition Potentials from Phosphate Electrolyte.

Metals in  Deposition Potn. Metals in Deposition Potn.
acid soln., vs.S5.C.E. in volte. ammoniacal ve/ S.C.E. in

soln. Volts.
Copper -0,01 Nickel appyox =-1.10
Bismuth -0.16 Cobalt " «l.12
Lead =052 Iron S 5
Antimony aprrox «0.76 Zine " =1.40
Cadmium «0.76 Manganese indefinite

Arsenic Mo deposition.

These experiment: were zttempted using the manual cagg»
rol before the construction of the automatic instrument was
complete but it .as found that,as the deposition potential
waeg @pproached fluetuations were co great and manual control
80 difficult that deposition potentials could be determined
only roughly. The automatic instrument, however, held the
cathode potential stable enough to determine the value to
within S5 m V.

Thie experiment also demonstrsted another particular
advantage of this inestrument. The cathode can be controll-

ed at potential levels above or below the set reference
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potential. This enables the operator to incresse or
decrease the ele trode potential, within certain limits, by
gim ly varying the gain of the D.C. amplifier and thus avoid
the necescity of switching off the instrument to recet the
reference potential before any chonge can be made.

Ceparation of corper from bismuth.

It is seen from table (18) that if t e cathode potent-
ial is controlled at-0.35 V. vs. ©.C.E. as recommended for
the separation of copper from lead, bismuth if present,
will co=~deposit with the copper. The following experie-
ments were carried out in an endeavour to separate these
two metals using the automatic instrument.

The first set of experiments was designed to find the
cathode potential at which ecopper deposition is complete.
It was also used to test the control of the instrument under

conditions where a definite tendency exists for the elect=-
rode potential to become more negative i,e, in controlling

the potential at values where copper deposition is by ned

The same weight of copver (317.8 mg) was token in each
case and the cathode potential controlled automatically at
the values chown below in the table. The electrolysis was
continued in each experiment until the curment flowing in
the cell became con: tant. The cathode wae then removed and

the deposit weighed. Freeh solutions were electrolysed in
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each experiment to avoid dilution errors which would
recult from washing each depo:sitvetween the pctential gsteps.
In these experiments the in:strumentys control was followed
by recording the cathod - S5.C.E. potential on the speedomax.
Table 18.
Test for complete Deposition of Copper.

Cathode Potn. Wt. of copper % Deposition Time for Av.dev=

vs S.C.E. denosited deposit=- iation
ion. of cont-
(mg) (Hours) rol.
-0.025 81.4 25.162 11 2 2mV
-0.050 245.9 77«43 13 2 Z2mV
-0.080 “15¢6 99. 30 } I omv
-0.100 317.4 39487 1} : omv
-0.125 317.7 19.97 1% L 3mv

Deposition was quantitatively comnlete between -0,100
and-0.125V. to S.C.E. The automatic instrument controlled
the cathode potential to within = 2 mV of the starting pot-
ential throughout the full time of the deposition. In the
last experiment a rapid fluctuation in the recorder pro-
duced 2 line of thickness e uivalent to 5 mV. The centre
of this line however, did not vary by more than 3 mV from
the starting potential.

The solutions containing copper and bismuth were now
electrolysed. The applied potential was adjusted to give
an initial cathode potential of - 0.10 V. This potential

was held constant until the current decreased to 500 mA and
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Y¥hen the cathode potentisl was gradually decreased to -0.14
V. The electrolysis was continued until the constant
current indicated the end point. The cathode - 3.C.E.
potential was recorded to check the performance of the inst-
rument.

The results of the two separations are-shown below.

Table 19.
Separation of Copper from Biesmuth.

Wt. of copper taken. Wt. of conper found. Wt. of bismuth

precent.
(mg ) (mg) (mg)
188.3 187.9 35.0
307'5 30707 50.7

The separation of conper from bismuth was achieved
although only 40 mV separated the cathode potential necess-
ary to give complete deposition of copper from the deposite
ion potential of the bismuth. This separation is not
possible“hy manual control for if the deposition potential
of the bismuth is a proached to within 20mV the control is
very difficult to maintain and any fluctuation in the
applied potential is likely to bring about bismuth depos=
ition.

Unfortunately thies method is limited in application
because of the low solubility of bismuth =alts in phosphorie
acid.

Separation of copper from arsenic. (See over)
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Separation of copper from arsenic.

Arcenic doee not cdeposit onm a copper electrode from
phoephoriec acid electrolyte even at a cathode potential of
-1.0 V. to 8.C.E. where a current of 3 amp flows in the
cell and considerable hydrogen evolution takes place. “ince
arsenic can be deposited with copper as a copper arsenide
from hydrochloric acid electrolyte, the behaviour of arsen-
ic in the presence of conper ions was examined.

An electrolyte containing 300 mg of copper and 100 mg
of arsenic wag electrolysed at a constant current cof 1.0
amp (without cathode control). The poténtial of the cath=
ode - ©.C.E. was recorded cduring the electrolysis. The
copper deposited as a bright metallic plate but at cathdade

potential of -0.5 V to 5.C.E. the deposit beg:on to darken
and soon became black. After 40 minutes the electrolysis
wag discontinued and the deposgit weéighed. The deporit
was 6 mg heasvier than the weight of copper taken.

In a second andysis of a2 solution containing the same
weighte of arsenic and copprer, the cathode potential was
contro.le¢ automatically at - 0.35V to S.C.E. Towarde the
end of the deposition the plate again darkened. The depo=-
sit weighed 2 mg heavier than the weight of thecopper
taken.

The two deposits from the above experiments were dis-

golved in & minimum of nitric acid and this was then



removed by fuming with sulphuric acid. The Gutzeite test
for arsenic¢ using cuprous chloride to remove the phosphine
gave strong positive tests for arsenic on each solution.

In a third, experiment, the cathode potential was con-
trolled at-0.25 V to §.C.%. and a complete separation of
copper from arsenic was achieved giving quantitative deposit
of the copner. The copper plate was replaced in the sﬁlu-
tion and the cathode potential was increased graduzlly and
finally held for 14 minutes at - 0.8V to ©.C.E. vhere a
current of 1.5 amps flowed in the cell. The copper remaine
ed bright and there was no increase in weight.

From these experiments it appreared that a small quante-
ity of arsenic is deposited with copper from the phosphoric
acid if the cathode potential becomes more positive than
aphroximately = 0.25 V to ©.C.E. Torranee (33), in hie
work on the deposition of copper arsenide showed that the
compound deposited only in the presence of hydrochlorie acid
from the trivalent arsenic solution. No deposition was
obtained from sulphuri¢ =nd nitric acids. On testing each
of the above electrolytes they were found to contain traces
of chloride. It was feared that the deposition of arsenic
might result from the presence of these chlorides so the
following experiment was carried out to check this point.

The arsenic and copper electrolyte wacs prepared using

only nitrie acid. Thi: acid was fumed off with phosphorie



and the solution was diluted to 200 ml with distilled water.
The electrolysis was carried out at a constaent current of 1
amp. The calomel electrode was connected by a potassium
nitrate brddge to the cathode.

After 15 minutes the bright coprer deporit darkened
{cathode potential « 0.52 V to 8.0.8E.). The electrolysis
was discontinued after 40 minutes and the deposit weighed.
The deposit was 4 mg high.

The deposit was dissolved in nitric acid &and then
taken down to fumes with sulphuriec ascid. The solution was
diluted and sovdium sulphdle added to reduce the arsenic.

4 paper chromatogram was run on the solution using butanol
saturated with ZN hydrochloric acid as solvent. On expos=
ing the dried papcr to hydrogen sulphide the positions of
added copper and arsenic spots were estasblished. The
paper was then charred amd arsenic and coprer spots were
revealed in the test strip.

From the above experiments it is seen that arseniec is
co~-deporited with co per to a emall extent during constant
electrolysis. If the cathode potential is carefully con-
trolled the cop er can be guantitatively separated from the
arsenic and once the copper has been removed from solution
arsen;e deposition will not oceur /ot high current demsities.

~eparation of copper from antimony.

Antimony deposits on a copper electrode from the
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phosphoric acid electrolyte at - 0.76 V. to S C.7. but the
derosition is not complete. In constant current electrol-
ysis of a solution containing 100 mg of antimony and copper
respectively, the copper deposit darkened at - 0.82 V to

.C.E. After 4U minutes electroly=isz the deposit was found
to contain 20 mg of antimony.

The copper was separated from antimony by controlling
the cathode potential at - 0,35 V to ".C.E. Suececessful
Guantitative ceparations of approximstely 100 mg of copper
were achieved from solutions containing antimony in the
ratio. of one to five timez the weight of copper. The=ze
rezults &re shown below.

Table 20

eparation of conrper from antimony.

“t. Copper taken. “t. copper found. ntimony present
(mg ) (mg ) (mg )

I 129.0 128.8 100

2 93.5 93.6 250

3. 96.6 6.8 500

The deposit obtained in expirment (2) above was
placed back in the electrolyte apnd the cuthode potential
wag increased to -« 0.7 V to ©.C.E. and held at this value
for half an hour. No increace in the weight of the dep-
osit resulted. Bhe potential was then increased grade
ually. Visual deposition of antimony occurred at-0.75 V.

without any appreciable increase in the current flowing in
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the cell. After controlling the cathode potential at -0.9
V. for 15 minutes, 17 mg of antimony were deposited.

Separation of Bismuth from Lead.

Bismuth deposits on copper at a cathode potential of
-0.16 V. and lead st a potential of - 0.52 V. These pot=-
entials are far enough apart to achieve a yuantitative sep~-
aration of bismuth from lead.

To test this separation a solution containing 40 mg of
bismuth and 100 mg of lead was electrolysed at a controlled
cathode potentizl of -0.4 V, As ucual the electrolysis
wae continued until a constant current flowed in the cell.
The deposit was washed by quickly replacing the electroly-
¢ls beaker by one contsining distilled water. This was
followed by an alcohol and then an ether wash. The elec=-
trode was dried at 10500, cooled and weighed. Tlildepesit
welghed 0.9 mg lese than the weight taken. It was black
and slightly powdery and easily detachable by rubbing.

Polarograms on the electrolyte showed that the bismuth
had been quantitatively removed from the solution and a pole
arogram on the discolved deposit showed no trace of ledd.
The miesing bismuth was found along with lead in the wash
golution. The lead was carried over from the electrolyte
and the bisrubh was diescsolved by the film of electrolyte
which was left in contact with the plate during the beaker
transfer. The pH of this solution could not be reduced by
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the addition of ammony . becaucse the lead would precipitate.

The biesmuth separation wae repeated using gelatin in
the solution and depositing the metal on silver plated
electrodes. However this did not improve the physical
nature of the deposit sufficiently to make it suitable for
guantitative analysis.

Although biemuth con be deposited guantitatively from
phosphorie acid in the precence of lead, the deéoeit is not
csuitable for handling and the method cannot be resommended
ag a guantitative procedure.

Lead depocsition in the presence of Arsenic.

In three experimentes where 50, 100 apnd 150 mg of lead
were deposited by constant current electrolysis in the pres-
ence of 100 mg of arsenie, the derosits were high by 1 to 2
mg . Chromatograms on the dissolved depocsits, carried out
in the seme manner as described on page , showed posgitives
tests for arsenic.

The lead deposite contained lees arsenic than the
copper deposits obtained by constant current electrolysis
but the current density during the lead deposition did not
exceed 0.5 amp/sq.dm and very little hydrogen was liber=-
ated at the electrode.

Lead deposgitions in the presence of Antimony.
The deposition of antimony on a copper electrode from

a solution conteining 200 mg of the metal in Z00 ml begins



at a cathode potential of «0.76 V. It was found that lead
can be deposited completely from the electrolyte at a cathe
ode potemtial of -0.68 V. so it ehould be poscible to ob-
tain a separation of lead from antimony by controlling the
electrode potentential between these two values.

A polution containing approximately 100 mg of lead and
antimony respectively was electrolysed at a controlled
cathode potential of -0.7 V. After two hours the electrol-
yels was discontinued and the deposit washed by the recomm-
erded washipng technique. The deposit was weighed and then
discolved in nitric acid. This solution was chromato=-
graphed using butanol «ZN HCl as solvent snd the spots were
developed with hydrogen sulphide.

The experiment wae repeated with one fifth the weight
of antimony present. The cathode potential was controlled
at - 0.65 V.

The particul-rs of thesge experiments are included in -

the table below.
Table Z21.

Co-deposition of lead and antimony.
Cathode Potn., VWeight of metals taken. ¥t of deposit Test

Lead Antimony. for
A
(v) (mg) (mg) (mg) ieny
~-0.70 110.8 97.8 143.5 Strong
poeitive
-0.65 106.8 17.2 115.6 tests

It is apparent from these recults that lead and

antimeny cannot be separated from each other although their
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deposition potentials on copper are ceparated by 0.26 V.
The overpotential of antimony on lead must be much less
than antimony on copper for antimony appears to deposit as
goon as the copper elgetrade iz covered with lead.

eparation of lead from cadmium.

In the following experiments attempts were made to

gsepurate lead from cadmium, in the phosphoric acid elect-
rolyte, using the automatic incstrument to control the cathe
ode potential.

The solutions containing the two metals were electrol-
ysed at a cathode potential of - 0.70 V. ucing a copper
plated platinum electrode as the cathode. The particulars
of the mixtures analysed 2nd the results obtained are shown
in table (22), below.

Table 22.

Jeparation of lLead from Cadmium.

Lead taken. Lead found. Cadmium precent.
(ng) (ng) (mg)
100 99.8 110.7
100 99.7 193.3
150 149.6 100
150 149.8 200

Bagh lead plate was diesolved in 6 ml of 5% sulphurie
acid plus 2 ml 5N nitric adid. The solution was evapore
ated to fumes, diluted, boiled and cooled. The lead sule

phate was filtered off, 2 ml of 5N nitric acid were added
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and the copper removed by electirolysis. The solution was
polarographed ueing the 0.5 uA sénsitivity range with the
zero setting adjustec to deprexe the lead wave. No trace
of cadmium was detected in any of the deposit=s. Polaro=-
grams run on the electrolyte after the denosition of the
lead showed no lead wave using the 0.5 uA sensitivity.

These experiments show that lead can be separated
quantitatively from at least Z00 mg of cadmium.

%“hen the cathode potential was comtrolled at =0.6 V.
for the firet hour and then decreased to -0.7V., no lead
dioxide formed on the anode but if the deposition was
carried cut at =0.7 V. from the beginning, the anode covered
with the dioxide coating. It appears that the lead dioxide
canbe prevented from depositing if its znodic deposition
potential is not reached. However, there is no advantage
in preventing the formation of the oxide for it alwaye
redissolved towards the end of the electrolysis and this
indicates the approach of complete deposition.

This reparcztion would be most tedious without the akoe
matic instrument, for the time of deposition is approximate
ely two and & half hours and, since only 80 mV separates
the cathode potential at which lead is deporited guantita=-
tively from the potential at which cadmium begins to deposit
the manusl apparatus would require constant attention during

the deposition.
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The deposition of Nickel from Phosphate Colution.

In a series of experiments decigned to examine the
deposition of nickel from msamoniacal phosphate solution,
different weights of nickel were dissolved ucing the
recommended solution method and then diluted to 150 ml.

30 ml 15N ammonia were added in excecs of the volume re=-
guired to neutralice the phosphoric acid and the electrol-
yeis was performed at a constant current of 1 ampusing a
platinum cathode.
Table 23
Depogition of Nickel from Phosphate “olution.

Nickel taken ¥ickel found Difference.
(mg) (mg) (mg)
49.3 49.1 - 0,2
96.0 98.4 + 0.4

196.0 195.7 - 0.3

The nickel deposited quantitatively (see results above)
from this solution as a bright metallic deposit which was
not easgily distinguished from the platinum electrode.

It was considered that, if nickel could be separated
from tin in ammoniacal solution, it would give a much im=-
proved method of separating and estimating co per, nickel
and tin in alloys. This prompted the following experi-
mente,

Nickel in the presence of tin.

The above experiment was repeated in the preczence of
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tin. The various mixtures of nickel and tin takem are
shown in the resulté.
Table 24.
Depodaition of nickel in the precence of tin.

Nickel taken. Nickel found. Difference. Tin Precsent.

(mg) (mg) (mg ) (mg)
(1) 89.9 90.8 + 0.9 100
(2)  83.9 91.0 + 1.1 150
(3) 45.5 46.1 + 0.6 200

To the electrolyte from experiment (2) dimethylglyoxime
was added and the solution boiled. Yo trace of Bickel was
found in the electrolyte. The deposit was dissolved in SN
nitric acid and the solution evaporated to dryness. Cn
dilution and boiling & trace of insoluble remained. This
solution was then tested for phosphates with awmonium molyb=-
date but a negative test resulted.

The increage in weight of the depogit appeared to be
due to the presence of tin. To confirm this the electro=-
lyte from experiment (1) was analysdd for tin. [IExcess
hydrochloric acid was added and the tin reduced by boiling
the sclution with nickel shot. The iodine titration
revealed that 1.2 mg of tin had been lost in the nickel sep-
aration.

Constant current electrolysies of an ammoniacal phosphate
golution containing nickel and tin does not give complete

separation of the nickel from the tin. The deposits of
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nickel contained up to 1.1 mg of tin when deposited from

snlution containing 100 to Z00 mg of tin.
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THE PERFORMANCE OF THE AUTOMATIC INSTRUMENT.

Thecrecorded performance of the stability of the inst-
rument under varied working conditions is shown in Fig (12).
This is a reproduction of the speedomax chart on which the
cathode vs S5.C.E. potential has been graphed against time.

The first graph was recorded during the separation of
copoer from bismuth. The instrument was first set to con-
trol at -0.1 V and, after the current had decreased, the
applied potential was increased in three steps to give a
final cathode potential of -C.14 V. The stability of cont-
rol during a separation of copper from arsenic at -0.25 V
ig shown in the second graph. The third graph was obtained
during the separstion of copper from lead. The fourth
graph: was recorded during the separation of bismuth from
lead and the fifth during the separation of lead from cad-
mium., In the first three separations recorded, the large
electrode was made the cathode, while in the last two the
small electrode was used as the cathode.

The graphs show how constant the instrument maintains
the cathode potential to the initial control =etting. Yo
changes from the set potentials of -0.1 and =-0.7 V are
recorded. In these two electrolyses the attenuatuin in the
cell is changed by a factor of 7 and the electrode reactions
and the area of the electrodes are altered. This stable

control at both ends of the range illustrates the suitability
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of the instrument and the efficiency of its performance in
metal ceparations.

It has becn established that the oscillations of the
recoideg, shown by the thickness of the linesz at different
control points, d® due Lo electrode reactions and not, as
first thought, to a fault in the electronic circuit. The
graphs show that these oscillations are dependent on the
surface area of the electrodes, being greater when the
larger electrode is used as the anode . The actual nature

and cause of these oscillations dre under investigation at
present. Howewer, as shown by the graphs, they do not
interfere with the efficiency of separations at the cathode.

This chart serves as a summary of the metal separations
that the author has achieved using the phogphoric acid elec-
trolyte. Phospnoric acid, as an electrolyte, has all the
advantages of hydrochloric acid but none of the disadvant-
ages. It is non-oxidising acid and when electrolysed
oxygen is the anodic product, so no depolarisers are requir-
ed to protect the platinum anode. Furthermore, separations
that are not possible from hydrochloric acid solution can be
achieved from phosphoric acid. These include the separa-
tiong of copper from bismuth, arsenic and antimony as well
as the separation of lead from tin. It has greater applic=-
ability to electro-analysis than nitric acid which is an

oxidising acid whose aniom act as a cathodic depolarieer.



Finally, it is superior to sulphuric acid for the many
soluble complexes that it forms increases its range of

application.
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