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Abstrsct approved

An ever-increessing demsnd for metsls of higher
end higher purity mekes it necepeEnry to either
drasticelly improve existing seperation schemes or
devise new ones, The purpose of this thesis is to
demonstrate sn industrially fessible process for
the production of nickel which contsins no more
then 20 p.p.ms of cobalt.

Electrochemlicsl methods sre perhaps the most
common mesns of producing pure metsls s=nd thus they
formed the bezie for this investigetion. However,
rather then trying to lmprove existing methods of
producing cobelt-free nlokel, = new spprosch to the

problem wes tried, This consisted of replseing the




conventional aqueous solvent with =2 fused salt
sclvent, specificnlly equimolsr NaCl/KCl,

The scheme 1itselfl invelved electrowinning
rnickel from = sclute which wes composed of iron,
nickel, =nd cobalt, in the ratflec of sbout 100:90:1,
derived frcem the ohlorinstion of ferronickel, »
rendily sveiloble nickel contsining slloy. In
order to effect the desired sepsration it wes
necessory to use cathode current in the renge of
1.0 to 2,0 x 102 sumps/cm? snd to use the pertieslly
purified product of one deposition ns feed meterinl
for = second, The iron present in ferronickel
crused o drnstic lowering of the cathode ourrent
efficiency end, therefore, 1t wss necesssry to
seperste 1t from the remsining constituents of the
solute before the electrolytic separstion of nickel
sud cobslt could toke place.

A flowesheet is presented, based on the
leborstory sczle process, which results in nickel

that contnins less than 20 p.p.w. cobslt.
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A FUSED SALT EIECTROCHEMICAL METHOD FCR THE
SEPARATION OF COBALT AND NICKEL

I. INTRODUCTION

In order to understand the properties and
behavior of metsls, the metsllurgist and physicilst
must have materisls of high purity with which to
work, The difference between metsls of extreme
purity and those slightly contaminated is remarkeble
(25.) 1In sddition to the necessity for ultrapure
metals for research purposes, it is possible to
inoresse the purity of 2 number of metals that sre
in use technicelly today end in doing so to open up
entirely new appllications for them (40.) A csse in
point is the elimination of cobalt in the nickel
content of sustenitiec stesinless steel used in
certain nuclear applicetions.

Netural cobelt = 27Co = when bowbsrded with
neutrons undergoes rediative cspture to give 6000;

59coMX)¥0Co. This isotope has & half 1ife of 5.2

yeers end 1ts radiation is intense (1.3 Mev.)(30.)




Thus, once equipment containing cobalt has been
exposed to neutron radiation an extended "cooling off*
period 1is necessary before it can be safely approached.

Ni0 sinter, used in normasl practice, has an
average cobalt content of .7 per cent, while that of
electrolytic nickel is sbout .1 per cent (60.,) The
purest commercially svaileble nickel (99.9+«99.99 per
cent)(77) is that produced by the Mond-Langer
carbonyl process; however, it 1s too expensive for
industrial use and the supply is limited.

The purpose of this reseasrch 1s to find a wethod
for producing nickel that 1s essentlslly cobalt free,
that is, containing less than 20 parts per million
cobalt, sterting with sn inexpensive, readily
avalleble nickel slloy. The informstion thus derived
will be used to try to define 2 flow sheet thet would
be attrasctive to industry.

The complete separation of cobalt and nickel is
g problem which has plagued the metallurgical industry
for yeers and countless schemes have been proposed.
However, when faced with the problem of high
recovery with no premium in cost, most of these

schemes have failed (76.)
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It is first of all necessary to choose a method

of separation upon which to center the research,
Electrolytic methods seem to be the most desirable;
not only are they relatively simple but, in addition,
industry possesses a considerable amount of experience
upon which it may draw,

At present nickel is refined industrially by
electrolysis from a sulfate or mixed sulfateechloride
aqueous electrolyte (65.) It is, therefore, reasonable
to expect that electrorefining might offer a promising
method of producing pure metal. This has been
recognized by those who have studied the problem (90.)
Indeed, Wesley (93) has described a process whereby
nickel, containing a cobalt impurity of 4 ppm, can
be produced. However, in order to reduce the cobalt
concentration to the partseper-million range it is
necessary to use Mond metal as a starting material,
While this may be reasonable from the standpoint of
a laboratory procedure, it is impracticable from an
industrial standpoint because of the scarcity and
cost of Mond metal.

All of the electrorefining methods for nickel

have concerned themselves with aqueous media, A




number of peresmeters such as bath constituents,
current density, temperature, etc. have been varied
in order to try to achieve the desired results.
None have sought to utilize those properties which

might be avallable in other solvent systems.

The use of non-squeous solvents offers s wide
range of poseibilities, since in prineciple =11 the
properties of the system mey chenge if the solvent
is ohenged. Thus # suitzble choice of solvent
ellows electrochemiocsl resctions to be cerried out
which are not possible in aqueous systems (2,)

The cholce of solvents is limited by the fsot thst
electrochemicel resctions have to be carried out

in them. For this reason it 1s necessery to choose
e solvent which will not be reduced or oxidized
before the ion or ions of interest have been reduced

or oxidized.

As electrolytes, fused seslts heve long held »
plece in industrisl technology. Fused salt electrolysis
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is used at present to produce tonnage quantities of
aluminum, magnesium, sodium, and calcium, and for the
commercial preparation of at least twenty other
metals, numerous alloys (65) as well as the purifi-
cation of a number of others such as thorium and
uranium (44, 13,)

Fused salts offer a number of advantages over
water as an electrolyte. In general, these are: good
electrical conductivity, high decomposition potential
of the solvent, the ability of the solvent, because
of its nature, to act as a strong complexing agent,
and the ability to achieve elevated temperatures
without the need of elaborate high pressure equipment,
Perhaps the greatest advantage fused salts have to
offer is their almost limitless versatility. The
general properties stated above, are, for the most
part, true for solvents composed of alkali and/or
alkaline earth halides. However, the addition of
other compounds, or even the alteration of the amount
of one constituent of a melt, in relation to the
others, may drastically affect the properties of the
melt and thus, in essence, provide us with a different

solvent,




Molten alkali halides can be considered as
liquide that consist entirely of ioms. They differ
from solutions of electrolytes in solvents such es
water because the interionic distances sre much less
than those which usually exist in aqueous solutions.
Hence ell molten salt solutions =re subject to
strong interioniec forces due to the close proximity
of the charged ions (6.)

X-rey diffraction experiments indicate thst =
representative configurstion in molten elksll hslides
involves, in comperison with the solid, = collspsed
erray of snlons sbout cetions. The aversge nesrest
neighbor coordination number is four to five compesred
with six in the solid (62.) It sppears from this
evidence that fused salts consist bssieslly of ion
clusters which is to ssy that short range order is,
to = large extent, preserved while long range order
is disrupted.

The preceeding remerks indicate thet fused sslt
solvents sre cepsble of exerting = significent
influence on the solute. For exsmple, it hes been
shown that it is possible to stsbilize plutonium (IV)

chloride ot temperstures where it 1s normally incapsble
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of an independent existence (in excess of 6C0°C)(5)
(37) by forming the alkali double chloride with
strong complexing salts such as RbCl or CsCl. With
the aid of srectrophotometric data lorrey (71) has
shown that complexing of the UCL, species by the
anion, in a melt of the compesition UCL) + 1CI,
where M=Li, Na, K, Rb, or Cs, is a2 function of the
alkali metal cation. That is, the concentration of
the UClZ sprecies increases as the cation 1s echanged
from 11 to Cs.

In fused halides t'e sclvent has been shown to
have a marked influence on the electrode rotentials
of the metal cation solite (22,) As the anicn is
changed from chloride to jodide the electrode
rotentinl of the netal cation becomes more negntive.
This can be explained by a cliange in the degree of
electrolytic dissociation during the transition from
chloride to iodide (22.)

ilevated temperatures are inherent in fused salt
electrolysis. In general, increases in temrerature
increase the conduetivity of the electrol te as well
as the diffusion rates of the electroactive srecies
(24.,) The over-all net effect is a rccresse of

cell voltage (65.)

M

rolarization and a lowering cf t
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In addition, the potential at which a metal commences

to deposit changes as a function of temperature and
this fact may aid in a more quantitative separation
of metals which are similar chemically.

Hamby (38) has obtained the values of the standard
potential, E°, as a function of temperature in the
solvent system LiCl/KCl for the couples Ni/NiCl, and
Co/CoCl, and these data are shown in Table 1, along
with their difference,/ , This data was obtained for

cells of the type
M{MCl, in Liclekcl|c-cl,

The standard state is taken to be unit mole fraction
of the solute, but the solution having the properties

of infinite dilution,
TABLE 1

The Variation of E° as a Function of Temperature

z°C 680° 700° 750°
ego/c12 1.177 1,169 1,149
E® 0,980 0.969 0.949
Ni/ Cl,
A 0.197 0.200 0.200

Data similar to this but for different solvents and
temperatures and other couples has been obtained by
other investigators (28)(56.)

These data show that indeed the potential for the
deposition of the metal does change as a function of
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temperature, however, that parameter which is of utmost

importance in an electrolytic separation scheme A, the
difference in potential, remains essentially constant.
Therefore, on the basis of these considerations no
particular advantage can be gained by going to higher
temperatures except those already cited, and these
must be weighed against the disadvantages of higher
temperatures, namely increased corrosion and lowered
current efficiency.

Unfortunately, the use of fused salts presents a
number of difficulties. The elevated temperatures
tend to increase the reactivity of the constituents
of the melt. This increased reactivity not only
produces extensive corrosion of materials of con-
struction but also lowered current efficiencies. In
most cases, metals are soluble to some degree in their

own salts and the solubility increases as the temperw
ature is increased (65 op. cit.) The result of this
solubility is a lowered yield of product because of
the diffusion of the soluble metal to the anode where
it is oxidized, Due to the strongly complexing nature
of fused salts and the high temperature it is, in some

cases, possible to produce "subvalent" species by
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means of the reaction
MCl, + M = MCl, (1)

where M 1s =2 metsl end X>Y. This 1s particulasr true
in those ceses where the enion is 2 halide., These
"subvalent" states sre unettainsble in aqueous so-
lution snd are usuzlly observed in the ozse of more
active metals such as the slkeline earths (88, 89)
end the rere earths (17) but lead, bilsmuth, cadmium,
end nickel 2l1so show this behavior. This behavior 1is
paralleled in aqueous solution, by the couples
Fe/Fe(III) end Cu/Cu(II). The production of subvalent
states 1s one of the factors responsible for a lowered
current effiolency. If the snode resction should
result in the production of & strong oxidizing asgent,
such as Cly, 1t may diffuse to the cathode where it
will react with the cathode product, csusing =
lowered current efficiency. Most of these deleterious
effects can be reduced, some to slmost negligible
proportions, by 2 judicious choice of solvent, the use
of diasphragms, 2nd meintaining the electrolysis cell
at the lowest possible tempersture.

Electrolytic metsl purification can be done
either by the soluble snode technique or by selective
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electrolytic precipitetion of the metsl ions from
the solution using en inert anode. The former is
more commonly known =28 electrorefining snd the lstter
a8 electrowinning.
A, Electrorefining

Electrorefining is ususlly done by the soluble
enode method. Ideslly, in this method the most
active of the metesllic constituents of the anode
goes into sclutlion first; the less active metals drop
from the esnode as the surrounding portion of the more
active metal is dissolved. If the electrolyte does
not have sccess to the underlying portions of the alloy
then the next most sctive metsl will dlssolve 2t an
electrode potentisl corresponding to the new process.
This newly dissolved component will be plated out at
the cathode =2long with the more sctive metsllic
component of the slloy, csusing contesminstion of the
cathode deposit.

B. Electrowinning

In a2 cell such =s
clMCl, 1n NaCl/kC1lC
where MCly 1s the chloride of the metel undergoing

reduction st the cathode, the electrode resctions =re,
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for the enodes

LR S S - IR 15 Ca)
end, for the cathodei

xe,'-*-M*%: ™M CaY,
The metal ions commence to deposit =8 soon as the
cathode reaches the decomposition potentisl. The
cathode potentisl is glveun by

E = EO‘P&I n Sa 4 CH)
o N F Q¥

where € 18 the sum of the various overvoltsges.
Therefore, at constent current, =8 the electrolyte
becomes depleted of metzl ions the cathode potential
E, increases in the negative direction. This negative
drift of the cathode potential will continue until
another resction is initisted. In the csse of the
cell shown zbove this would correspond to the
deposition of the solvent cations. If the solute 1is
composed of two or more different epecles, e.g. MC".I.x
end M'Cl,, =8 soon =s the cathode potentisl reaches
the reversible potentiel of M', codeposition of M and
M* would occur, assuming M' to be the more setive of
the two. Thils negative drift of the cethode potential
also will occur if the limiting current density of
the ion of interest is exceeded. The limiting current
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density is so called becouse it represents the
maximum (limiting) rete ot which the perticulsr ion
can be discharged under the given experimental
conditions, If en attempt i1z mede to incresse the
current density above this velue then the cathode
potentiel must incresse until snother cathodic
process is possible,

C. General Electrochemicsl Considerations

Nickel 2nd cobalt show complete solid
solubility at =211 temperatures (10.) When two metals
form =n slloy the sctivity of each of them usually
will be smeller then for the seperate pure metsls =nd
consequently the potentisl ot which one metal
codeposits with another mey be considersbly
different from the potential at which 1t deposits
alone. Therefore, even though the reversible potentisls
of nickel and cobalt may be far enough spart that =
quantitetive seperation would be obtsined, provided
the metals naturslly were insoluble, (38 op. e¢it)
the elloying tendencies of the two metsls may meke
it lmposeible to z=chieve a satisfsctory sepsrstion.

In a2ny electrowinning operstion, psrticularly

where thermal or chemicsl processes compete, power
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cost is sn importent item; meximum current and
energy efficiencies sre vitel to the economic
Justification of the method. Incressing the ocurrent
density of the cell, that is, the current per unit
electrode erea, sugments the cesp=city of the cell and
decreases cepitzl cost, and floor spasce per unit of
product, For any glven process, the most desirable
current density results from s baslance of many
factors: power cost, opersting charges, value of
materisl in process, =nd energy consumption per unit
of product. On this bassis the relationship between
current density =snd electrode potential for
non-equilibrium situstione is of interest (65 op.cit.)

Since the processes of interest ocour at the
cathode the following discussion will be centered
around that electrode. The following treatment has
been discussed by Delshay (19) and in moredestail by
Boekris (7) 2nd by Glssstone, Leidler, =nd Eyring
(34,) This trestment 1s, howsver, only =n
approximation because the electrode process results
in the formetion of e s0lid coating on the electrode
and the properties of the coatiug being formed in the
electrolysis determine at least pertieslly the

kinetics of the electrode process. The concluslons
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which wlll be drawn esre gener=l enough so that the
fect that the treatment is only an approximastion

ig no detriment.

When & metal 18 plsced into = solution of its
ions there will be a tendency for the ions to
discherge onto the metzl 2nd for the metsl to go
into solution. This process m=y be represented by
the following squations

O+N + ne é—i’\{ s
R

wherekgandkbmre. respectively, the specific rste
constants for the discharge step and the
dissolution step.

If we now meke the electrode more cathodic by
applying a potentisl E to it we will have the
situation shown in Figure I by the broken line. The
actual potentiml difference scross the electrode-

electrolyte interface is symbolized by\z and 1s
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FIGURE I

Potentisl - Energy Barrier st

en Electrode Surface

= Equilibrium

--= During the cathodic
process

DISTANCE FROM ELECTRQDE
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related to E by the equation:

E-—E‘;-\—\« ()

where E° is the equilibrium potential., The term v1
is known as the overvoltage. It is assumed, as
shown in Figure I, that a fraction 9% of the over=-
voltage facilitates discharge of the ions while the
remainder l- A hinders the dissolution of the metal.
We may now write, in terms of the absolute reaction

and

R, Ky exp[(-a)nFy [RT] (O

where N is the number of electrons involved in the
reaction, The actual rate of the reaction is
obtained by multiplying the specific rate by the
activity of the reactant and the current for each
half reaction is the product of the rate, the

electrode area, and the charge involved in that

process., Th{u::: HFG al \Q; Ca)
and
/-J'R:-“FG QQ hb (ID\

where O is the electrode area and G;is the activity
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14
of the: species., Substituting the values of the

specific rate constants from equation 7 and 8 we see
that
!
{°=quq°k{_ exp ('O\NF»?/’RT) ()

L a* - FG‘QR\Q;,O-*'P[(“Q\NFY( [RT] (1)

at equilibrium V( = O so that

7o L L et [ I:CEI (13)

and thus
4E = W FT Q. h_cl (I‘l)
a R Fs Qg RL C15)

from which it follows that
A= T, exp lanFy |RT) (1)

and

An: T expO-a)nFq /RT] 2
The net current that flows is the sum of the currents

for each of the half-reactions:
T - To+ Tg CA%)

—
Inserting the values of Loandig from (16) and (17),
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{2 T-E exp (-QHF\’(!'RT)— Qx?((\—u)nF)Y[’R'T]}. (19)

Dividing both sides of (19) by T, the cathode area.

and inserting the value of 7 from (6) we see that:

- iE O_\?[_QNF (E- E°)]- Q.X?[(l*d)ﬂ F(E-E")/’RT]}. (ao)

Equation (20) indicates that the higher the
value of the current demsity . the greater the
difference in the quantity (E-EY); or, as the current
density becomes larger the electrode potential departs
farther from its standard value E°.

In a situation where two cations are to be
separated and their standard potentials are only a
few hundred millivolts apart, as in the case with
nickel and cobalt, large values of the current
density are liable to result in simultaneous
deposition of the two cations, Data, which will be
presented later will show the dependence of the degree
of separation on current density.

Considerable stress has been placed on the

importance of current (or current density) to the
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success of a senaration scheme baced on the selective
electrolytic reduction of various cations. It should
be recognized tlint, even in those cases in wvhich the
cell currcnt is the variable belng controlled, it is
the electrode potentianl that controls which ions will
be reduced, To say that coreduction of two or more
ions depends on the choice of current density, while
not a misstatement of fact is a misapplication of
logic in that it places the effect - current -
before the couse = slectrode pectential,

In order to insure thst as high a degree of
separation as possible takes place during an
electrolytic metal vpurification it 1s necessary
thet some control be exercised over the <ourse of the
electrolysis, This may be done ecither by controlling
the current, the total cell wvoltage, or the cathode or
anode potential, derending on the separation scheme,
An excellent discussion of this problem and its
ramifications is given by Lingane (63.)

As the nare implies, constant current electrolysis
means that the current is irept const nt during the

course of the electrolysis and the cathode potential
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1s sllowed to drift, This method is the one most
commonly used by industry since it has the advantage
of being the most rspid of the three. It, however,
has a disedventsge in that the uncontrolled drift of
the czthode reduces the selectivity of the method.

The second method, control of the aspplied cell
voltage, 1s more selective than the constsnt current
method but it suffers from the dis=dveontsge that the
elsctrolysis time is considerasbly prolonged. This
is due to the fsct thet when the spplied voltesge 1s
limited to = velue sufficiently smsll to prevent the
potential of the cathode from finally exceeding s
desired value a2t the end of the electrolysis the
initizl current will be relstively smell snd =8 s
congequence the electrolysis time is lengthened, in
addition, the cell resistsnce is = very criticsl
factor in electrolyses of this nature (63,)

The third method, electrolysis =t s constent
cethode potentiel, hee the adventages of having s
high degree of selectivity, ond the time recuired
for the electrolysis is neerly 2e short ss thet in

the constant current method. In order to perform en




22
electrolysie of thie sort it is necessary that the
potential of the cathode be held constant with
respect to s reference electrode. Whille
potentiostatic methods heve been applied to fused
selts they do present a2 problem, mainly beceuse of
the difficulty of finding = good reference electrode.
Setisfactory reference electrodes have been devised
for laborastory scele studies (57, 58, 27, 86, 8, 16,
56, 95, 96, 21, 23) but nothing sccepteble haos been
devised for electrolyses on s commercisl scale,

On the besis of the sbove discussion snd because
of the esse snd simplicity of msking the messurements,
both the electrorefining end electrowinning experiments
were done at constant current and =211 dstzs are
compered on the basis of the current density; keeping
in mind the injunction that it is the electrode
potentizl which determines the degree of separation.

D, Method of Investigation
Taking into account the desired end, industrisl

epplication, and the previous discussion on the
adventages of fused salts s solvents for electrolytic

applicetions the method of sttack was to investigate
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the possibility of sepsreting nickel from cobslt
using electrorefining snd electrowinning metheds in
e fused s2lt system,

The solvent used wes & binasry mixture of NaCl
end KC1 with the composition of the eutectic point -
2 1list of the properties of this solvent is given on
page 49,

Of the two electrolytic methods svasilable to us,
electrorefining snd electrowinning, the former is the
more desirsble. The reason for this lies in the
greater simplicity of the electrorefining method. In
this method no extensive prepsrative steps are
required snd, in the present cese, the product mey be
very simply removed =28 the snodic residue. On the
other hend, electrowinning requirest (1) solution of
the metel valuesj; (2) in some cezses, purification or
conditioning of the electrolyte; (3) electrolytic
precipitztion of the desired metsl; (4) removzl of
the undesired metal valuee in order to keep them from
eventuslly sppesring in the cathode product as their
concentration builds up in the electrolyte. However,
under the conditions chosen for this investigation,
electrowinning methods appesr more attractive for the

separation of cobslt from nickel.
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II. EXPERIMENTAL

A. Equipment

The furnace was 2 type 86, multiple unit,
electric crucible furnace menufectured by the Hevl
Duty Electric Compeny. The throat of the furnace
was three inches in dismeter snd five inches deep.

Temperature control was effected by =
Thermoelectric Compeny “Temcometer® which served to
keep the temperature of the salt bath within ¥ 1 per
cent of the set tempersture, 28 determined by =
chromel s2lumel thermocouple immersed in the molten
s2lt snd protected from it by = sheath of Vycor tubling.

A grephite crucible served =zs = melt contsiner
end in s2dditlion a8 2 source of cerbon for the melt
chlorination step and as =2n enode in the electrowimming
experiments. This, in turn, wes held in = Vycor
envelope to which was attached s 71/60 Stendard Teper
Vycor joint. The upper psrt of the cell wes made
from =z Pyrex 71/60 Standerd joint snd had provision
for insertion of =n snode, cathode, gos inlet tube,
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thermocouple shezth, melt ssmpling tube, =nd effluent
gas port. Rubber tubing wes used to provide an
air-tight connection between the verious cell
components and the Pyrex top. In those c=ses in
which it wss desired to stir the melt, this top wos
interchenged with one which had s glsss besring
through which a Vycor stirring rod could be inserted.
See Figure II,

The Vycor cell, grephite melt orucible, and
Pyrex top constituted the bssic equipment for 21l
the experiments., Additiones or slight modificestions
in the bassic equipment sre eilther noted later or sre
considered to be self-explanatory.

In those czses where the snode resction wes
the discharge of chloride ion to produce chlorine
gas, o disphragm wes necessery to protect the cathode
product from chlorine snd thus incresse the current
efficliency. The srrengement used is shown in
Figure II. Various msteriols were used in the
construction of cell disphrsgms; alundum, unglazed
porecelain, and grephite. Of those meterizls slundum
was found to be the most sstisfsotory and was thus
incorporated into the cell.
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FIGURE IT
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wes made

Current for the electrolysis wes supplied by =

six-volt
resistor.

ITI.

Materirls used were 28 followst

1,

2.

3e
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cathode wes made of -inch spectrographic

those cases where the electrochemicsl
of the =node was not being investigeted the
ecrucible that served =28 » melt container

the anode.

battery charger, regulated by = variable
The complete circuit is shown in Figure

B, Chsemicols

NiClp. 6Hz0, CoClpe 6Hp0, KC1 and NeCl
were 211 Baker's Anslyzed Rezgent
greade chemicesls.,

Nickel metsl wss in the form of shot
obtained from the Mrtheson-Colemen and
Bell Division of Mstheson Company with
e reported purity of 99.8 per cent,
High purity cobslt metzl wes obtained
from Dr, W. J. Kroll,

Spectrogrsphic grede iron rod wes obteined
from the Jarrell«Agh Compeny.
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5. The Henns Nickel Smelting Compsny of
Riddle, Oregon provided the =nslyzed
ferronickel =1lloy.

6. Csrbon electrodes were 3-inch
spectrographic grade rods manufsotured
by the Nstional Cerbon Compsny.

7« Graphlte crucibles were machined from
United Carbon Products Compsany's
Ultra-Purity Graphite gresde UF-4-S,

The eutectic mixture of 60 wt% KCl =nd 40 wt¥®
NaCl was chosen as the electrolyte beczuse of its
desirable properties. These ares

RBelatively slight corrosive nature

Melting point: 650°C

Specific conductivitys K=2.2 ohm=1lom, "1 (91)

Decomposition Potentlielt KCl1 3.5 volts

N=Cl 3.3 volts
(besed on the free energiles of formetion)(39)

Ease of purification.
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Furthermore, none of the principsl metals, i.e. iron,
cobalt, or nickel, =re soluble to sny =spprecisble
extent in thls particulsr solvent (18, 46, 47.)

All s2lts were vacuum dried for periods
ranging from six to eight houres at 120°C, The drying
salts were held under reduced pressure, sbout 15
inches of water, with = constent flow of nitrogen,
during the drying period. This trectment served to
change nickel chloride from its green hexshydr=ted
form to the yellow anhydrous form, =and cobslt chloride
from its pink hexshydrated form to its blue anhydrous
form.

Nitrogen, which was used as » purge and as =n
inert cover for the melt, was psssed over copper
turnings held =t 500°C, to remove any oxygen, before
being pessed through sulfuric acid ond magnesium
perchlorate., The chlorine gess used in =11 experiments
was passed through sulfuric =zcid and magnesium
perchlorate to remove wster vepor before being passed
into the cell. 1In 211 csses the effluent gases were

pessed through 2 sulfuric scid trap.
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In some cases it was desired to use ferronickel
as a solutej it was added to the melt in the form of
the metal chlorides, produced by chlorination of
ferronickel turnings. Chlorination of the turnings
was done in eight~-inch Pyrex test tubes that had
previously been thoroughly dried and purged of all
air by a stream of chlorine. The turnings were
strongly heated in a chlorine atmosphere until the
reaction was started. Once this point had been
reached the external heating could be removed since
the turnings burned very vigorously in chloxine. The
iron could be very simply removed from this mixture,
if this was desired, by continued heating. This was
possible because of the low boiling point of
FeClg (319°C) (55.) The Pyrex tubes were stoppered
and their anhydrous products stored, under a chlorine
atmosphere, over magnesium perchlorate.

In some cases it was necessary to add irom to the
melt as FeCl,. This was done in situ by anodizing a

spectrographic grade iron rod.
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C. TYrocedure

Glesswzre to be used in the experiment wss all
thoroughly clesned znd dried. The graphite cruecible
wes bolled in concentrsted hydrochloric ascid, until
nothing more could be leached from the cruclible, and
then twice more in distilled water. Before it was
used the cruclble was thoroughly dehydrated by
drylng in & vacuum oven under the sszme conditlons
used for the s=lts,

The solvent, N=Cl/KCl, wes mixed with the
desired amount of solute =nd the prepared charge wos
then poured into the previously essembled cell, the
top put on, and the thermocouple sheath, and gas
inlet tube, were inserted into their spproprieste
receptzcles. Following this, the furnece wes reised
to the desired tempersture, the charge melted =nd
trecsted with chlorine to convert any oxldes or

oxychlorides to chlorides (52) via the resotiom
MO+C+Q, SMQU, +~ LO l.)

After treatment of the melt was complete, it
was purged of sny dlssolved chlorine by passing
nitrogen through it for spproximately one-half hour.
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When this trestment wes finished the gas inlet

tube wes pulled out of the melt to = position Jjust
above the surface of the melt so that the nitrogen
could provide an inert cover for the melt. Now the
graphite csthode was added, after having first been

heated to redness to expel gll adsorbed water.

D. Anslyticel Methods

A sensitive, relisble, =nd reasonably rapid
enalyticsl method wss of prime importsnce to this
resesrch. The method chosen must be of such o
nature that it msy be used for the quantitative
determinstion of iron, cobzlt, and nickel, rlone
and in combination with one another.

Unfortunztely, cobalt =nd nickel, because of
their very similsr chemicsl properties, interfere
with one snother to some extent in 2lmost any
enzlytical method snd, therefore, = complete
seperation 1s necessery before snslysis. This was
especially the cz2se in this resesrch where the
concentration of nickel mesy be snywhere from one to
several orders of msgnitude greater than that of
cobalt.
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Polarography, becsuse of its versetility and
sensitivity, offered considerable promise. Numerous
methods were tried (48, 68, 70, 49) but were rejected
for one reason or snother. In genersl these methods
involved 2 tedious and complicated separstion of the
interfering cations, meking sccurste snd reproducible
anzlyses very difficult.

Solvent extraction procedures employing orgsnic
solvents, such ss chloroform and smyl slcohol-ethyl
ether, were investigated 8 s mesns of seperating
nickel from cobalt (80, 81.) However, all of the
extraction methods that were tried suffered from the
disadventeges cited sbove. A simple and completely
satisfactory seperation scheme wes finally evolved
using lon exchange coupled with colorimetry.

The separation scheme 1s based on data presented
by Kreous znd Moore (51,) which showed thst Fe(III),
Co(II), and Ni(II) form chloride complexes of
differing stability, where the order of complex
stebility 1s Fe(III)>Co(II)>Ni(II), =nd that these
cations can be eluted from the chloride form of =n
enlon exchange resin in the reverse order of their

chloride stabilities.
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Cathode deposits were prepsred for snszlysis by

first leaching in distilled water to remove any
occluded sslt, scraping the deposit off the graphite
cathode, leaching ageln in distilled water,
decenting off the liquid, wsshing in ecetone, drying
end weighing. The semples were then dissolved in a
mixture of 9 M HCl plus a few drops of nitric a0id,
This solution wes bolled to inciplent dryness to
remove the nitric scid and tsken up in 9 M HCl. The
solutlon was gently wermed to dissolve the solids and
then brought to a definite volume with 9 M HCl.

Melt samples were dissolved in the mixture of
9 M HC1 plus nitric =a2cid, which served to oxidize the
iron to the trivaslent state, snd then treasted as zbove.

The anion exchenge resin, Dowex-1, wes prepsred
by converting it completely to the chloride form by
pessing 9 M HCl through the column. Next the sample,
containing cobelt, nickel, snd sometimes iron, made
up in 9 M HCl, was loaded onto the column., After
loading wes completed niockel was eluted from the
columm by passing zbout one to 1.5 column volumes of
9 M HCl, at the rate of one milliliter per minute,

through the column. The eluted nickel solution was
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eveporated to inclpient dryness, neutralized with
NaOH, taken up in 20 millilitersof 0.1 molar KCN,
end made up to 100 milliliters with distilled water.
This solutlion contzining the tetrascysno complex of
nickel was analyzed spectrophotometricelly. Filgure IV
shows the stendard curve determined st 268mp ., Cobeslt
and iron, if present, were then eluted from the
column with distilled water. The eluted cobalt wss
then anslyzed spectrophotometricelly using the
Nitroso=R (lenitroso-2-hydroxy-3, 6=-napthalene
disulfonic acid) complex (97.) Iron caused no
interference problem with this method. Figure V shows
the stendard curve for ocobalt determined =t 525mr .

Iron was determined colorimetricelly ss the
thiocysnate complex, a method prectically free from
interference from cobalt end nickel (13) Figure VI
shows the standard curve determined at “75"V*' An
aliquot of the dissolved semple was tsken and
enslyzed directly wlthout subjecting 1t to ilonm
exchange separstion.

As an independent check on the accuracy of this
snalytical method some stendsrd s=smples, contalinlng
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Standard Curve for the Determination

of Nickel as the Tetracyano Complex at 268 Mp
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FIGURE V 38

Stendard Curve for the Determinetion
of Cobalt as the Nitroso-R Complex

et 525 M}-I

1

0.80+

0.70+

0.60 4

0.50+

040+

(525mp)
0.30T

0.20+

L]

0.10 1

A L L L L I
L] L} LI L] LJ

o 05 O 15 20 25 3.0
conc Co >
(mg/100 mi) x 10

Eal




1.0+

0.9

0.7

0.6 1

As 05
(475mp)

0.4 1
0.3

0.2

0.1+

FIGURE VI 39

Standard Curve for the
Determination of Iron z2s the

Thiocyanate Complex at h75|ﬂr

L]

1 o | 1
s | L]

T

e

0l 02 03 04 05 06

conc Fe
(mg / 100m)




4o
iron, cobsalt, and nickel, were obtzined from the
Bureau of Mines in Albany, Oregon and were snalyzed
by the method described above, The results of these

enalyses are presented in the table below.

TABLE 2

Buresu of Mines

Number Anslysis (%) Found Average
Sample Element Chemg Spec. Experi. Deviation
1.0
L8724 Fe 1.70 1.63 o e
1,68
3.29
Co 3.29 3.26 3.38 0045
3.30
Ni 95.50 95.17 94,88 0036
48729 Fe 73.80 7445 — ———
74,10
0.56
Co 0.6‘4 0060 0063 00059
0.63

Ni 25.3 24,95 25.02 .0013
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III. RESULTS

A, Flectrorefining Studles

As was stated earlier most electrorefining is
done by the soluble znode method. Therefore,
experiments of this nature were conducted using
pleces of ferronickel slloy, supplied by the Henns
Nickel Smelting Company, =28 =smnodes. This materi=l
is produced from lateritic type ore. Reduction of
nickel and iron from the ore is sccomplished by the
Ungine process, which involves the addition of =
sultable reducing sgent, in thls czse silicon in
the form of ferrosilicon, to s mixture of molten
oxide ore (15.) Anslysis of the ferronickel product
indicates the following =versge composition: (15)

Ni 45,94%
Fe 52.38%
.006%
P .024%
c .029%
Cr «02%
Si 9%
Co 5%

Cu 2%
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Reference to the vzlues of the electrode

potentlals given in Table 3 for the oxidation of the
several metsls to thelir respective divslent cations
indlcates, 28 s first approximstion, that, in the case
of e ferronickel enode, iron would go into solution
first leaving nickel and cobalt behind, =nd plate out
at the cathode, After the iron had been removed the
cobalt would follow, leaving the nickel behind.

TABIE 3

Electrode Potentisls for the Oxid=stion
of Seversl Metals to Their Belgeotive Divslent
Cations in 1:1 LiC1l/XC1l =t 700%C

Eesctilon EO=
Fe=Fe(II) 4+ 2e- 1.365
Co=Co(II) + ze~ 1.169
Ni=Ni(II) + 2e" 0.985

*measured against the Ag/AgCl reference electrode

In order to gain 28 much information a8 possible
from the electrorefining experimente the cathodes
were removed for snalysis =t perilodic intervals,

This 2llowed one to follow the course of the

electrolysis - to determine at what point nickel

begen to sppear in the deposit. As hes been stated
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previously, =ccording to EMF dats (viz. Trble 3) one
would expect iron to dissolve from the sncde first
and plete out st the c=thode. When the concentrsotion
of iron in the =2node dropped to = low enough value
cobalt would be expected to zppesr on the cathode
deposit leaving nickel behind. The =ppesrance of
nickel in the csthode deposit, before 211 of the iron
had been removed, cennot be tolerated since this means
not only less of the product but =lso poor sepsration.

The procedure itself consisted of removing the
cethode from the melt and inserting = new one ot
periodic intervals,

The results of two of = number of experiments
ere shown in Figure VII and VIII., These results showed,
in contrest to the idezl situation, that the cathode
deposit wes 2lways contaminated with nickel. These
experiments were pilcked becsuse they show the gradual
but increzsingly rapid built-up of nickel in the
cathode depoeit end epparently that higher snode
current densities tended to =ccelerate the process of
solution of the nickel =znd its subsequent sppesrance
in the csthode deposit. For current densities in the
region of 1,0-1,5 amps/cm? iron =nd nickel deposited
on the cathode in sbout the ssme ratio =8 that which

existed originally ot the enode.
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FIGURE VIII
Variation of Nickel Concentration in the
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The results of those electrorefining experiments,
which were done st relstively low current densities =
2.5 x 10~1 to 2,5 x lo'zamps/cmz. - seemed to
indicate that ss the boundsry lesyers of the anode
beceme depleted of iron nickel begen to go into
solution and was subsequently codeposited with iron
at the ¢athode., One possible explanation for this
result is the fact thet the diffusion coefficient of
iron in irom-nickel 2lloys, at the tempersture of
the experiments, is very small - 10‘16cm2/sec (32.)
This would mean that iron from the interior portions
of the anode could not diffuse to the surface fast
enough to replace thst which was lost by oxidation
and =8 2 result nickel begesn to go inte solution.

At current densities in the region of
1 smp/cm? it wes noted that epprecisble bubbling
took place =t the snode surface snd that the
effluent cell gas was a2c¢id to moist litmus psper.
These observations 1ndicate that discharge of the
chloride ion was taking plsce 2t the anode. It can
be inferred from these observstions that the
ferronickel snode exhibited considerable polarization

in the 1 amp/cm2 region, » phenomenon which may
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extend to lower values of the snode current density.
If the anode were polarized strougly enough to be
ehle to discherge chloride ion it is ressonable to
assume that nickel was being oxidized simultsneously
with the 1iron.

It 1s =pperent that the processes which occur
at the =snode zre of = complicated nsture, seemingly
dependent to some degree on the sznode current
density. The difficulties sppsrently result from the
inability of the iron to diffuse rapidly enough to
the surface of the anode 2nd from the polerizstion
of the snode. In sny event, the results of these
soluble anode experiments indlested that this
technique was unsuitable for the seperstion of iron
and nickel and as = corollsry nickel =nd cobslt =t
least under the conditions used in these experiments.
Therefore, the electrowinning method which later
formed the besis for the proposed separation

scheme was tried.

B. Electrowinning Studies

Deposltion wes carried out st ?00-750°C from &

NaCl-KCl eutectic mixture which contained spproximately
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6=-10 wt@ NiCl, plus the chlorides of cobelt snd, in
some cazses, iron, Since the objeet wss the
separation of nickel from cobslt these experiments
concerned themselves initielly with the electrolysis
of synthetic mixtures of suhydrous NiCl, end CoCly,
made up with epproximstely the ssme N1/Co ratio =s
is present in ferronlickel. In order to follow the
course of the electrolysis the csthode wes removed
et periodic intervals =nd replaced with s fresh one,
following the procedure outlined previously. At the
seme time melt ssmples were taken by drawing up smell
gemples into =2 previously flsmed Pyrex tube, In
later experiments the srtificisl mixtures of NiClp
end CoClp were replaced by NiCl, mnd CoClp, mede by
chlorinating turnings made from Heonns ferronickel.
The deposits themselves were composed of very small
shining needles, which adhered well enough to the
grasphlte czthode to =llow the frozen melt to be
lesched =swsy, but not so strongly thast they could not

be removed with esse by gentle seraping.
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Of primary concern was the purity of these
depositas, The results of experiments in which the
cobalt concentrztion of the cathode deposit wes
followed as =2 function of the nickel concentration
of the melt sre shown in Figure IX, Exsmination of
these results ensbles us to draw 2 number of
conclusions. According to these d=ztz, cobslt begins
to codeposit with nickel to =2 noticeable extent
when the nickel concentrstion of the melt hes
decressed by = fsctor of sbout 5. This is very
much in contrast with the behavior one would predict
from Hamby's dats.

The Nernst equetions for the two reactions of

interests

‘\\;ul - N+ Qb Caa)
and Qo Qll N C_° % ut C&S\
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neglecting overpotentisl, which 1s assumed to be
small., When cobalt codeposite with nickel it follows
that

ECQ: Er\l (L)
or
EE_URT e [Rell M l e RT (L 2ad[%] oy
G nF Qo U, LU o L H

Assume that the activity of the pure metels equsls
one 2nd thet
aua = Po, = (%)
since the stendard stete for Cl, is taken to be the
pure gag under one atmosphere pressurse. BRewrliting

equation (27) we see that for T=700°C
By 0965 log3e ¢ = B +.0065 logq iy (D

This may be rewritten to gzive
Ee.- EN:
Wy [Hr\‘u‘][’(ﬂ.ull 7 Lta Ry “}itﬂau:][“uull ( 30)

L0965
whereNM012 is the mole frzction of the metal chloride
endY MC1l, is the zctivity coefflclent of the metal
chloride ou the mole frezction sczle. Hawby gives the
values ¥ CoCly=1,1 and X' NiCl,=1 at 700°C for the
L

concentration range hxlo'z to 4x10" " mole fraction.

For the ceses 1llustrated in Figure IX,

3 -4
ch o, 1. x(0
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g0 that

-k
ﬁN.‘u; = ‘-5“l0

wherees, in fact, the simultaneous deposition of cobalt
started when NN1612= 5.0 x 10'3. e difference by o
factor of approximstely 103, The assumption hag been
made, in erriving st these numbers, that the limiting
current density for nickel was not exceeded; e
reazsonsble sssumption considering the magnitude of the
current density, 1.5 x 10~2amp/cm?. This striking
difference is attributed to the extensive alloy for-
metion that takes place between the two metals.

It sppecred, on the basls of these data, that
using the experimentsl conditions employed here, 1l.2.,
NeC1/XC1l solvent end temperature of 700=750°C, and
sterting with = solute whose Ni/Co ratio 1s 90, as it
is in commercisl ferronickel, 1t is not possible to
deposit a product whose cobelt content falls within
the prescribed limite of less them 20 part per million.
However;,; these data slso hint st = =solution =- using
the product of one deposit as the starting moterisl for
a second., That ie, redissolving the first cathode
product in = melt composed only of the solvent NaC1/KC1,
by chlorination, end then performing the electrolyeis
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2 second time. The question remeined, how much
nickel might be removed from the melt before the
cobalt concentretion of the deposit beczme too
large to achieve the desired purity in the second
deposit? Using the data presented in Figure IX and
assumlng that it wes desirable to carry over into
the second electrolysis as little cobzlt as possible
we see thet a2bout 80 per cent of the nickel present
in the bath could be removed. The results of some
of these two-stege experiments sre presented in
Teble 4, In two of these cases the sterting materisl
was chlorinated ferronickel turnings from which most
of the FeClg had been sublimed. These results show
thet it 1s 1ndeed possible to produce nickel which
contzins less than 20 p.p.m. cobslt. The‘optimum
recovery seems to be in the region of 75 per cent
to 85 per cent of the originsl nickel but most
certainly less than 90 per cent.

Current density, =s might be predicated, plays

sn lmportant role in determining the effectiveness




TABIE 4
2 The Effect of a Two-stage Electrolysls on the Purlty of the Nickel Deposit
Current Analysis of Current
Initial Bath Analysis of Ni Efficlency Second Ni Efficlency
Analysis (g,) 1st Product Recovery 1ist Deposition Product Recovery 2nd Deposition
Ni=3.47 Ni=99,984% 77% FR— Ni-99.998% 70% 71%
Co=0,0385 Co= L016% N1-99,.983% 95%
Ni-3,61 N1=99.988% 74% 30% Ni=99.9984  74% 70%
Co=0,0316 Co= 0,012%
Fe-0.532
Ni-3.07 N1-99.978% 79% L5z Ni-99.9982 72% 71%
Co=0,0221 Co= 0.022% 2 2
Cathode Current Densitys 1.5 x 10™<emps/cm$
Fe=0.3795

Melt Temperature: 700°C
Weight of Solvent: 165g
Anode & Cathodes Graphite rods

Cathode Diaphrsgms Perforated Alundum cylinder
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of the separstion. Table 5 presents dats which show

the effect of current density.

TABIE 5

Effect of Cathode Current Density
on the Codeposition of Nickel and Cobalt

Current

Denslty2 Ni/Co) Deposit % Nickel

gaggs£cm 2 o) Melt Removed
1,46 x 1072 84,6 25%
1.5 x 10~2 82.1 55%
5.4 x 1072 42.6 35%
5.4 x 1072 40.2 60%

Thus 1t may be seen that low vslues of current
density sid in effective separstion of nickel =nd
cobalt. Since there 1s only = very smell separation
between the deposition potentisle of nickel and
cobalt any drastic departure from equilibrium
conditlons, ss occzsioned by high current density,
would csuse an incresse in the smount of cobslt

present in the deposit.
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While the cathode current densitles necessery
to achieve the required sepsration of nickel and
cobalt (1.5 = 2,0 x 102 asmps/cm2) dre lower then
those normelly used in fused s=lt electrowinning
(65,) they =re still within the renge used by
industry in 2 number of conventional, squeous,
electrowinning operations, Cathode current densities
of 50 = 100 times =8 high sre necessary in fused
salt electrolysis in order to keep the electrolyte
molten; the cell current is used to waintsin the
cell at the proper oper=ating temperature by I R
hesting. 1In view of the necessarily low cathode
current densities in the present process it
probably would be necessary to use =n externmally
heated cell. This has some dissdvanteges from on
economlic viewpoint,; however. The resolution of
this problem must z2wailt 2 thorough economic study

perhaps coupled with more det=ailed resesrch.
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The date presented in Table 4 reveal a serious
problem, however, this being the drastic lowering of
the current efficiency due to the presence of iron
in the melt. As little as 13 per cent iron can cause
2 50 per cent drop in the current efficiency. The
reasson for this mey be seen by referring to the
electromotive force values given by Flenges and

Ingrshem (28) for the reactions

Mel'* + xe~  (31)
0
at 700°C in a2 NeCl/KCl eutectic. £9(ve Az/AgCl)
Ni(II) + 2¢"= N1 «,985 (32)
Fe(III) 4 e*= Fe(II) ~.390%  (33)
Fe(II) +42e™= Fe -1,365 (34)

#Calculated from the data of Flengss and Ingraham,
op«0it., and Hemer et. al. (28, 39.)

We see from these data that, in those melts which
contain iron in the trivalent state, the reasction

2Fe(III) + Ni = 2Pe(II) + NL(II) , E-= .595 (35)
will teke placej resulting in = dissolutlion of the

deposited nickel metal. Eventually, of course, the

reaction will come to equilibrium snd the dissolution
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of nickel metsl will stop. However, it must be kept
in mind that the divalent iron may diffuse to the
anode, be oxidized to the trivslent state end
diffuse back to the cathode to be reduced back to
the divalent state. The net result ie observed as
a lowering of the current efficliency. Due to the
fact that 2 prime requisite of thls process 1g a
rather low current density, in the vielnity of
1.5~2,5x10"2amps/em?, 1t is necessary thet the current
efficlency be a2s high ss possible. Since the cell
design, Figure II, included s refractory dlaphragm
intended to reduce the diffusion of chlorine through
the melt as much 28 possible the only alternative we
have to attein the maximum current efficiency possible
for this process (70 per cent) is to remove es-
sentially all the iron prior to depositlon of the
nickel. The question now remeins how best to effect
this removal. While not en end in itself it is
desirsble to keep the process simple and to keep the
volume of wastes 28 low 28 possible and thus 1t 1is
preferable to try to effect the removal of iron

in situ. Any attempts to effect iron removal by
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chemical means, such as precipltation, would lead to
the removel of nickel =and cobalt not only because of
their similar chemistry, but also because of entrain-
ment in the precipitate,

The easiest solution to this problem would be to
remove the iron from en asnode and to lest the nlockel
drop into the anode sludge. However, = clean sepa=-
ration has been shown to be impossible to achieve with
this method, st least at reassonable current denslities
(0.5-1.5 ampl/cmz) with an =node containing 45 per
cent nickel,

Chlorination of ferronickel turnings in the melt
et ?OOOC wes also tried ss 2 method of ireon removal.
Since the temperature of the melt wes sbout 400°C
higher then the boiling point of FeC13 (319°C) 1t was
hoped that the iron might be driven off by a2 prolonged
chlorination of the melt; Figure X shows the rate of
removal of FeCls from a NeCl/KCl melt at 700°C. While
it was possible to remove P9013 from the melt by this
method the rate wes too slow to be practicable. The
F6013 thet was driven from the melt, snd which condensed
on the cooler portions of the apperatus, hed = bright

yellow color, in contrast to the usuzal black color of




FIGURE X 60
Rate of Removal of Fe(III) from a
NaCl/KCl Melt at 700°C Using a Chlorine Sparge
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anhydrous FeClB. This yellow materisl was probsbly

a complex compound of F3013 with the alkeli chlorides
which would probsbly scecount for the unususl
stablility of FeCl3 in the wmelt,

Another method that suggested itself was the one
used for the laboratory prepsretion of cell feed,
chlorination of ferronickel turnings =nd sublimetion
of the iron as FeCl3. In order to obtain complete
conversion of the metal to the chloride a high
surfece to volume retio wes necessary; chlorinstion
of masslve pleces was not successful, This mesnt thet
the lergs ferronickel ingots must be reduced to small
pleces, elther by turning on = lathe, which would be
prohlbitively expensive, or by sdding sulfur which
would meke the metel brittle snd allow it to be

crushed (54.) From an industrisl standpoint, however,

it 1s improbsble that this would be 2n economically
fessible process. Chlorine is used =8 = reagent =nd
its cost would have to be offset by selling the
by-product FeCl3. It is doubtful that the merket
for FeClg would favor this solution.

The difference in the standard electrode
potentisl E® (pH) between the iron snd nickel couples
suggested yet snother method for removing ironj
equlllibration of divalent nickel and metallic iron.



62

C.__Eqguilibration Studies

It can be seen from the standard rotentials for

reaction (32) and (3%) that E° for the resction

Fe+li(II) = Wi 4 Fe(lI) (36)
in the NaCl/KCl eutectic, at 700°C is 0.380 volte.
This indicates another method which may be available
to us for sernzrating iron from nickels equilibration
of a melt containinr divalent nickel with iron metal,

We may relate the standard rotential for

reaction (31) to the equilibrium constant for that
reaction by the equations

>z 8 lax Q7
where in this case

” ,%%e{ll}?[‘am!.

Ni(II Fe

After inserting the values of the constants we find
that at 750°C, K=6.9x103, Tius it appeared that if
rure iron metal were put into a melt containing
divalent nickel, ecssentially all cof the nickel ion
would react to give the metal putting an equal
quantity of iron inte solution, This suggested that
perhaps the nickel present in ferronickel could be easi-

ly separated from the iron by prrecipitation and then the
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precipitated nickel could be reworked to remove the
cobalt. While this procedure esppeared to be possible
from 2 thermodynemic point of view, nothing wes known
ebout the rste of reaction, so experiments were
performed in order to obtain this information 2nd ot
the some time obtein an independent value of K, the
equilibrium constent.

These experiments cousisted simply in bringing
either pure iron or nickel metsl, in a finely divided
form, into contact with the chloride of the other
member of the couple depending upon the direction from
which the equilibrium was spprosched, in a NaCl/KCl
flux with constant stirring. In all cases the solvent
was pretreated as deseribed previously.

The verlation of the retioc of ;fﬁ-{%-} with time
is shown in Figure XI. From these data we can see
that the equilibrium constent for resction (36) is
ebout 3 x 10%°., This value is more then one order of
magnitude smaller then thet calculated from EMF data.

It is sssumed that becsuse the concentration of
the solute is so small (5 x 10”> mole fraction or less)
that the concentration 1s equal to the sctivity, that

is, the activity coefficient is equal to one. Now in
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the case of divalent nickel in the NaCl/KCl solvent
and in the concentretion renge of interest Hemby (38)
has shown that the sctivity coefficient is equel to
one, This informstion is not availeble for divelent
iron but it seems reasonable to assume that its
behavior is similer to thet of nickel, in which case
we would expect the activity coefficient of divelent
iron in the NaCl/KCl solvent system at 700°C in the
concentration range 5 x 10”2 or less to be sbout one.
Thus 1t does not sppear that the discrepancy between
the value of the equilibrium constant caloculated from
EMF deta and that found experimentally can be attributed
to devietions of the solute from idesl behavior. A
more probasble explanstion is that the vzlues of the
equilibrium electrode potentisls used to calculste
the value of the equilibrium constant for the reaction
under considersation were determined for the individual
resctions

2e” + Fe(II) = Fe (38)
and

2e + NA(II) = N1 (39)
seperately. It wes indicated earlier that iron end
nickel form = series of solid solutions with one

another which will tend to lower the potential at
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which N1(IT) will discherge onm =n 1iron electrode =nd
vice versa, The diserepency, therefore, probebly
lies in values of the electrode used theoretically
to determine the vslues of equilibrium constant for
renction (36.)

Regsrdless of the ressons for the diserensuecy in
the theoretical v=lue of the ecuilibrium consteant for
resction (36) =nd thsat found experimentelly, the date
indicated that 1t wes possible to remove in excess of
99 per ecent of the nickel in sn equimolsr mixture of
NaCl and KC1 at 750°C in sbout one hour by
equilibration with iron metsl, The question still
remnineds How well would this process work when the
iron powder used in the equilibraticn exreriments was
replzced by messive iron? Replescing the iron powder
used in the equilibration experiments by more msssive
pleces was desirsble because it would prove difficult
to rewove the precipiteted nickel from the former.

In order to enswer the question posed =hove short
pleces of steel ber stock were mounted on = Monel rod
end slowly revolved, to promote stirring, in = NaCl/KCl
flux containing FeClz snd NiCly derived from in situ
chlorinntion of comminuted ferronickel. This

comminution was done eleotrolytie=zlly, thet ls, o large
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plece of ferronickel was m=de the enode, in =
NaCl/KC1l melt, and by the psassage of current through
the cell the 1lron and nickel were deposited on the
cathode =28 small crystels in which steate the materisl
wes easily chlorinated. Tsble 6 gives sn indication
of the results that were obtalned.
TABLE 6
The Effect of Time snd Temperature on
the Oxidation of Iron by Divalent Nickel

Ni Be- Percent Equili- Ni/Co" 1in

Tot=1l N1 covered Ni Re- bration Recovered
> g in Me}tsg g' covered Tlm?ghr. ggggggg
700°¢C 2,97 2,82 95% 1.0 9544
750°C 2.24 2,22 99% 1.0 132

# N1 was added as anhydrous NiCl,.
*% Ni/Co retio in original ferronickel=92,

The precipitated nickel completely covered the
outside of the iron pieces end had 2 very porous
structure. It was black in color and apperently
composed of very small crystals. This precipitsted
nickel could be removed easily and completely from

the underlying iron by one or two sharp blows.
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Following thie, the precipitate was crushed and
lesched with weter. Data on the nickel/cobelt ratios
wag included to show that this procedure resulted in
e slight improvement of this value. Thls wss due to
the reactlon

Ni(II) + Co = Co(II) + Ni, (%0)

the cobalt having been precipiteted by the reaction

between CoCl2 snd iron.
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IV. DISCUSSION OF RESULTS

As stated earlier the purpose of this resesrch
wae to show that nickel conteining less then 20 p.p.m.
cobalt could be produced and to devise an industriaslly
attractive scheme for doing so. A scheme employing
electrochemicel seperation in 2 fused s21t medium
has been demonstrasted end the effect of various
parsmeters such =8 current denslity, impurities, etec.
hes been shown. The separation scheme itself employs
e number of individusl operations, end in order to
complete the proposed task it is necessary to unite
the seperste processes into » feasible, unified
process, These operstions and their inter-
relationship is shown in Figure XII.

In the process outlined in Figure XII there are
two major by-products whose recovery is desirsble,
the chlorides of iron snd cobzlt. From sn economic
standpoint the commerciezl fessibility of the process
outlined above msy be entirely dependent upon, (1)

en lnexpensive method of iron elimination from the
solvent salt, and (2) the =bility to reclaim
by-product metals for which there msy be a resdy or
potential merket. From =z chemical standpoint both of
these metal chlorides, iron =nd cobslt, occur as

contaminants and thus theilr removel is essentizl if
the process is to accomplish its desired end.




FIGURE XII 70
Outline of the Separation Scheme
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Iron, as the chloride, occurs in two of the

operations shown in Figure XII, chlorinstion of the

comminuted alloy a2nd precipitation of Ni-Co by

reaction (31.) The problem of iron removal from the

melt has been briefly considered, where it wes shown

that removing iron, =ss FeCls, by blowing chlorine

through

the melt was not feasible. Due to the fact

that neither nickel nor cobalt would be present in

the melt, heving been removed previous to these steps,

it would be possible to use chemical means to remove

the iron. Chemicsl methods which might be used aret

1.

2.

3.
b,

5.
6.
Iron 1s
recover

Methods

Blowing dry sir into the melt to form

Fe304 and Cl, and then decenting the oxide.
Blowing HpS into the melt end decanting

the FeS, HCl1l occurring =s 2 by-product.
Adding N=pS e2nd decenting FeS.

Reducing with H, and decanting the iron
powder, HCl occurring as a by=-product.
Adding NsOH or Nh2003 end decanting F°3°h-
Electrolyzing.
used o8 = reagent and thus 1t is desirsble to
it 28 a metal so thet it may be reused.
4 and 6 sre therefore to be preferred. Number

L4 is the less sttrsctive of the two becsuse of the

formation of HC1l which, due to its corrosive sctionm,
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is very undesirsble, On the other hend, electrolysis
is not an altogether satisfactory cholce, in view of
the fact that iron c¢sn exist in two different valence
states which cause 2 drastic lowering of the current
efficiency by redox cycling. Studies were undertaken
to determine what degree of current efficlency might
be expected for the deposition of iron from 2
NaCl/KCl melt et 750°C. In contrast to previous
practice the csthode wes not protected by eny
disphragm. The results indicated that =z current
efficiency of sbout 20-25 per cent was the best that
could be expected. This figure could probably be
improved to some degree by a different cell geometry
end by utilizing 2 barrier to prevent the anode
products from diffusing to snd reacting with the
cathode product. This barrier might tske the form of
refractory dlaphrsgm or s nickel gauze screen,

There remsined the problem of removing the cobsalt
end nickel remaining after the finel two electrolysils
operations (Figure XII.) In this case the best
solution seemed to be to continue the electrolysis,
with 2 new cathode, until these metals had been

completely removed. How could we know when this
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process was completed without performing = series of

enslyses of the melt? The snswer to this question
was presented earlier during the discussion of
insoluble anode electrolysis. Here it wes shown, in
equation (4) that at constant current as the concen-
tretion of the electrosctive cations-Co(II) end Ni(II)-
decreases, the potentiel of the osthode will increase.
This incre=se continues until s potential is resched
et which snother resction oesn teke place; in this
case the reduction of the solvent cations sodium and
potassium. Thus the depletion of Co(II) emd Ni1(II)
from the melt, =2t constent current, would be signsled
by & rapid incresse in the cell voltage. In the
present situation the cell voltage rose from 2 value
of epproximately 1.5 volts for the deposition of
cobelt and nickel in NaCl/KCl at 750°C to ebout
3.2=3.4% volts when sodium snd potassium begen to
deposit. The cathode deposit, instesd of being com-
posed of small shiny metallic needles, wes then =
voluminous bleck mass in which no erystesls were
epparent. When this deposit was plsced in water it
produced a violent evolution of ges and the aqueous
solution was besic which indicated thet the deposit
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contained metsllic sodium snd potsssium. The Teble
below shows the smount of nlickel =nd cobslt that
remrined in the melt aofter the depositicn of the

golvent cetions had commenced.

TABIE 7

Percent of Originsl Nickel(II) and Cobalt(II)
Remaining in & NsCl/KCl Melt at the Inception
of Sodium Deposition at 700°C

% of % of
Original Originsl
Cathode Nickel Cobalt
Current Degslty Remaining Bemaining
(emp/cn”) in Melt in Melt®
1.5 x 1072 0.2 0.59%
1.5 x 10=2 0.55 0.65%
3.0 x 10~2 1,2 0.92%

#* This figure represents the meximum concentration
of cobelt that could be present in the melt. In
all ceses the smount actuslly present wes below

the detectlon limit of the anslyticzl method and
thug the wminimum concentration of cobalt that could
be detected was taken ss that present.

From these results it wes seen that the smount of
cobalt and nickel remeining in the melt at the point

at which the solvent cetions began to deposit was less
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then 1 per cent of that originslly present. The

resulte of Table 7 slso showed the effect of current
density upon the amount of residusl nickel and cobslt.
This was in keeping with expectations; the larger the
value of the csthode current demsity the more nickel
snd cobelt left in the melt when their limiting
current densities were exceeded., It sppeared possible,
therefore, to render a melt reussble by thesniuple
expedient of continuing the electrolysis aféer the
product hzd been removed, until alksll meta# begen

to be depoeiteds a point which was signaledtby an
abrupt incresse in the cell potentisal.

It would be desireble to simplify the process
outlined in Figure XII by combining some of the
individusl steps into one operation. The most likely
would be 2 combination of the first three steps,
comminution electrolysis, chlorination, snd precipi=-
tation of Ni-Co, into one operstion. The process
envisioned was one in which the comminution
electrolysis and the precipitation of Ni-Co took
place in the same melt end st the seme time, thereby
doing away with the necessity for = geperate
chlorinetion step. This scheme involved interposing
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an iron screen between the ferronickel ancde snd the
grephite cathodes =25 the NA(II) migreted from the anode
to the cathode it would come into contect with the
iron secreen, When this hsppeuned resction (36)

NA(IX) + Fe = Ni + Pe(II)
would tske plesce, plating nickel out upon the surface
ef the iron plete, The Fe(II) produced by this
resction would tlen travel to the cathode to be
deposited,

In order to test the proposed scheme a lesrge scale
electrolysis cell, holding shout 3 kg. of sslt, wss
construsted. The resson for constructing = lerger ocell
was that the proposed experiments could be more easily
confucted on this scale. A plece of ferronickel ber
stock served se the enode and the cathods was a
graphite plate. Using this spperstus = number of
different scoreen designs and verious cell geometriles
were tried., However, in all cases thie scheme falled
to sccomplish its desired result, the production of
iron-free nickel. Teble 8 presents s compilation of
the results =zlong with sowe pertinent experimental
detells,
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| TABIE 8
The Extent of the Separstion of Iron and Nickel
from an Anode Containing 52 per cent Iron
% Fe in % Fe 1n

Screen Cathode Form of Metal Screen
Deposit Deposit and Cell Geometry
34,.9% ——— perforated cylinder completely
surrounding snode
47.7% 58,1 perforated plate between
enode snd cathode
34.6% 67.5% perforated plate between snode

end cethode, perforstions
larger then sbove

53.1% 52.2% Solid plate behind snode.
Melt stirred vigorously

It sppesred from the results presented in Teble 8
thet iron was deposited zlong with nickel on the
metsl soreen. Since it was postulated that deposlitiom
on this screen would occur only by meens of reaction
(36) this behavior wes rather puzzling. The only
ressonable explznation seemed to be that becsuse of the
gbility of the screen to zct as 2 conductor of

electricity 2 voltsge drop existed between it and the
anode, in other words, the screen behsved 28 & cathode.

This supposition was confirmed by plecing 2 high
impedsnce voltmeter between the screen end the anode.




78

Approximetely 50-75 per cent of the total cell
voltage appeared between the snode and the soreen,
depending upon, =smong other things, the length of
time the electrolysis hsd been cerried out.

Examination of Tzble 8 slso revealed the fact
that the less resistence the screen offered to lonie
conduction the less it acted ss = cathode. This wss
gshown by the smaller percentage of iron which appeared
in the screen deposit. Apparently the increased re-
gistance to migration of the current-carrying ions
offered by certain screen designs or by the filling
of perforstions in the soreen by deposited metellice
ocrystals tended to enhance the cathodic nature of

the screen.
Undoubtedly it would be possible, by proper design

of the iron screen and by a careful sdjustment of its
potential, to csuse it to perform its intended function
of complete seperation of iron 2nd nickel. However,
this would, in 211 probability, be extremely difficult
in practice and thus did not werrsnt any further study.
V. CONCLUSION

Based on the experimentel results end discussion

given earlier, = scheme 1s presented 1n Figure XIII

for the prepesration of cobalt-free nickel,
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The process shown in Flgure XIII is composed of
three main operstions, namely: separestion of nickel
end cobzlt from the bulk of the iron vis chlorinstion
of the comminuted starting meterisl snd equilibration
with iron metel, = primary electrolysis to separate
nickel from most of the cobalt, and finslly, 2 second
electrolysis to yield the nickel product. Colincidentsl
with these three msin steps are suxiliary operstions
such as chlorination, weshing the deposit to remove
occluded salt, and electrolyses designed to make melts
reusasble by removing contaminants end to produce
consumed resgents such =28 1iron.

The first operstion, seperation of nickel =nd
cobzlt from the large quantity of iron present in
the ferronickel sterting materisl consists of the
following stepss:

1. Comminution, by electrolysie, of the

Fe-Co-Ni 2lloy cathode to make it
suitable for chlorination.

2. Chlorinstion of the cathode product

in situ to give FeCl,, CoCl,, and
NiCl, in NaCl/KCl.
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| 3. Equilibration of this system with iron
metal to precipitzte nickel =nd cobslt,
via equstion (31,) on an iron substrate
and o melt which is composed of NaCl/KCl
and FeCls.
4, A scevenging step to render the melt
reusable and to recover the iron reagent

by elther chemicel or electrochemical means.

The iron substraste with the precipitated nickel
and cobalt 1s subjected to z crushing operation that
servee to remove the precipitated metal which is
then washed free of any occluded szlt.

A preliminary separstion of nickel and cobelt
is the second major operation. It involves the
following steps:

1. The nickel=cobzlt product from the first

operation is chlorinated st sbout 700°C
in 2 NeCl/KCl melt. During the chlorination
it 1s edvantsgeous to stir the melt.

2. An electrolysis of the NiCl,, CoCl,, NaCl/KCl

system st a csthode current density of
~1,5 x 10™2smps/om? and removal of about
80 per cent of the nickel which now

contains ~ 200 p.p.m. cobalt.
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The deposit is stripped from the electrode
and weshed to remove =ny occluded s=lts
preparstory to the third major oper=tion.
In order to recover the remsining 20 per
cent of the nickel and cobelt and slso
to render the melt reussble the melt is
subjected to further electrolysis until
glkali metal begins to be deposited.

The third operation, the finel purification

electrolysle, involves the some eteps ss sbove. In

this the nickel product contains 15-20 p.p.m. cobelt.

As outlined =bove, the process hes the following

asggets:

1.

2.

A ninimum wsste problem. The only
significant weste 1g wesh water =znd

this would not need to be processed

gince it contalins no vzlusble products

or reagents.

Low cost of resgents. The reagents are
either 2 by-product of verious electrolytic
steps, e.g. chlorine, or cen essily be

recovered. Only weter is expended. It
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ie recessery to 2dd sdditlionel NaCl and
KC1l to meke up losses due to voletilization
ond washing; however, thie is only &
minor expense,
3« The techrology =nd equipment involved
in this procesgs sre sll femilier to
the electrochemicel snd metallurgilcal
industries.

For £11 the poszitive festures this process
offers it hes some disedvanteges; these ore discussed
below end possible solutions zre given snd might act
o8 guldelines for further resesreh.

Chief smong the disadventeges is the necessity
for opersting et = low czthode ourrent density, =
problem briefly touched upon esrlier. This require-
ment not only necessitstes the use eof suxillery
heating equipment to mainteiln the cell ot its proper
operasting tempersture = 7oo°c - but also prolongs the
electrolysis time with = rssultant increase in the
cost per unit of product. Associzted with this and
certeinly = disedventege is the requirement that only
80-85 per cent of the nickel present in the melt

may be recoversd before the cathode potentlal becomes
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cathodic enough to cause the codeposition of cobalt.
While this latter problem does not represent »
direct loss, since the 15-20 per cent of the nickel
which is left may be easily recovered, it means =
smaller return then might otherwise be reslized.

It may be possible to overcome these
difficulties to some extent by controlling the cathode
potential at some fixed value relative to a2 reference
electrode. In this way cobalt would be prevented
from codepositing with nickel. This spprosch would,
however, require considersble resesrch to determine
not only its fessibility but =2lso whether it
represented a distinot advantage over the present
constent current method.

Additionsl resesrch expended on 2 method of
simulteneously comminuting the ferronickel alloy end
removing the nickel, as was attempted briefly by the
use of an iron screen, might repay the effort since
it would eliminate st least one opersation.

In order to get current efficiencies of 70 per
cent 1t was necessary to include = refractory

disphregm in the cell design to avoid contact of the
cathode with chlorine. At present such dlaphragms
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cannot be used on a large scale; therefeore, unless a
satisfactory substitute could be found, = nickel gauze
diaphregm perhesps, sn undesirsble decresse in current
efficiency would result,

A lergemscale demonstration of the process would
be useful not only to show its commercisl feasibility
but also to eastasblish costs snd to point out areas
where further research should be done.

A scheme, which is felt to be industrially
feaslible, hes been successfully demonstrated on =
laboratory scele for the production of nickel contsining
et most 20 ppm cobalt starting from = commerciaslly
availeble ferronickel 2lloy. This scheme utilizes
electrolysis in s fused sa2lt medium es the mesns of
effecting the separation. In addition to developing
a scheme for the sepsration of iron, nickel and cobslt
the possibllities thet the use of fused salts czn open
to the flelds of chemistry =znd metzllurgy have been
explored.
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