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ABSTRACT

Laboratory scale electrorefining tests were carried
out to see what effect the oxygen content of a copper anode
had on the electrorefining of the copper.

Oxygen in the form of Cuy0 was added to the copper be-
fore it was cast into anodes. Some of the copper had addéd
to it cexrtain impurities, which are commonly found in anode
copper. The surface appearance of the anode, the current
efficiency of both electrodes, and the purity of the cath-
ode deposit were all examined.

At the end of a test run the anodes high in oxygen had

a smoother surface appearance than anodes low in oxygen.

Anodes high in oxygen also had a higher anode current effici-

ency. It alsé appeared that cells operated with a high ouy-
gen anode had a higher cathode current efficiency than cells
with low oxygen anode., This cathode efficiency, however,

was highly variable and was dependent on which impu;ity was

present.

Because the cathode deposit contained wery little impure

viii
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ities, it was impossible to make any correlation between an-
ode oxygen content and impurity level in the cathode. The
lack of impurities in the cathode was probably due to the
short length of time the cells were run, and so the impurity
level of the electrolyte was not built up to a concentration

which would lead to deposition on the cathode.

ix



T-1144

INTRODUCT ION

Blister copper contains from>0.5 to 1.5 weight percent
impurities. These impurities lower the conductivity, im-
pair the castability, and in general make the copper unsuit-
able for commercial applications. Some of the impurities,
such as Au, Ag, and Pt, also have a great value if they can
be recovered freom the copper. The copper, thexefore, nust
unerQO refining befeore it is suitable for sale.

There are two general methods of refining. If the
blistexr copper is high in copper.and low in precious metals,
ining process can be carried out by pyronetal-
laxgical nethods. If the blister is low grade and contains
a suffiaient\quaﬁtity of precious metals, it is generally
more economical to use a combination of five and electro-
lytie refining., This latter meihod is the most widely used
and about 85 percent of the world's copper prcduction is so
refined,

Blister copper Irom the converters is transferred

molten or is melted in an anode furnace., The wolten copper
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is then agitated with air to oxidize the impurities. A sil-
ica flux js added and the high impurity slag is skimmed off,
This oxidation step removes most of the Fe, Sn, Zn, and S
and partially eliﬁinates the Pb, As, and Sb. Since partial
oxidation of the copper also occurs, the metal then must
undergo a reduction process called poling. The poling oper-
ation consists of plunging large logs into the coke-covered
molten copper. The reaction between the molten copper and
the wood and xeducing gases from the lcgs gradually iowers the
oxygen content of the copper. The poling precess is contin-
ued until the sample shows that the copper has reached a
"level set" - a term used by copper refiners to indicate
that the exposed surxface of the.cast copper is fairly flat
and unifcrﬁ. This set generally occurs at about 0.04 to
0.07 weight percent oxygen. The molten copper is then quick-
ly cast into an ancde mold and is now ready for the electro-
lytic refining step., It és very important to obtain the
proper set before casting the copper, fgr unless the surface
of the ancde is smooth and uniforam it will cause high scrap
loss and short-circuiting of the cell,

The impure copper anode and a high purity copper cath-

ode axre placed together in a Cu304»H2504 electrolyte. A
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current is passed through the cell and copper is transferred
from the anode to the cathede. Although a small amount of
impurities may deposit on the cathode, the majority either
pass into the eleétrolyte cr fall to the bottom as insoluble
slimes,

Thus the blister copper which is about 98+% Cu, is fire
refined to ancde copperx which is about 99% Cu, which is
electrolytically refined to about 99.8% Cu. The electrolytic
copper is then usually melted and cast into its marketable

shapes..

Purpose of Investigation

This study of anode oxygen content was undertaken to de-
termine if the oxygen content had any effect on the electro-
lytic refining. This investigation was to determine the
effeét of oxygen on the anode andrcathede current effiéien«
cies and on the amount of'impuritieslthat are transferred
from anode to cathode. The six impurities studied were added
singly to the copper. There was no attempt to study the

effect of oxygen on any coabination of impurities.
yg y

Survey of the Literature

Although a great deal of work has been dcne on electro-

1ytic copper yefining, very little research has been done on
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the role ancde oxygen plays in it. The impurities found in
anode copper can bé separated into metallic and gaseous im-
purities.

The metallic‘impurities used in this experiment can be
further subdivided into elements ihat either are highly
electrxopositive to copper or lie between the electrode po-

tential of hydrogen and copper,.®

Metallic Impurities, In this experiment the electro-

npositive impurities used were Ni, Fe, and Co. Hayward and
Hofman (1924, pp. 351-354) and Butts (1954, pp. 171-174)

have reported the following information on these metallic

Nickel is the chiefd impurity in most U.S. electrolytic
refinerices, lickel dis conmpletely soluble in molten copper,

regardless of the oxygen content. It can be present either

% These potentials are considered to be the standard
oxidation potentials with the hydreogen potential egqual to
zero, At the anode all e2ianents with an oxidation potential
more positive than copper will dissclve at the expense of
copper, Elements more negative than copper will not dissalve,
At the cathede elements with a positive oxidaticn potential
will not deposit. All elements with an oxidatioun potential
betwaeen hydrogen and copper sheuld deposit bBefore it., How-
avey, the concentration of the icn in solution determines
the ewact potential at whieh the ion will deposit on the
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as Ni metal or as an oxide. The nickel metal readily dis-
solves to form a soluble sulfate in the electrolyte.,  Nickel
oxide is insoluble in dilute HpSO, and this probably accounts
for the nickel found in the slimes., Since electrodepcsition
of nickel in a copper electrolyte is impossible, any nickel
found in the cathode is prcbabiy due to occluded electrolyte.
Hence, the amount of nickel found in the cathode probably de-
pends on the physical nature of the cathode suxface.

Iron is also soluble in molten copper but it will com-
bine with aﬁy oxygen present to form stable oxides. Thesé

oxides are insoluble and separate readily from the molten

e
o

copper. JIron forms soluble sulfates in the electrolyte but
it is a moot point on whether the ivon is present as FeS0y4
or as Fey(80,)5. The irvon content of the ancdes is usually
low, however, so iron is generally not a serious problem.

Cobalt is not a major impurity in the U.S. 50 very
little woxle has been done with it. It is known that cobalt
doas form a highly soluble sulfate in the clectrolyte., Be-
czuse of its low concentration in the anode, cchalt usually
dee@n't'canﬁaminate the cathede.

The other 3 metallic impurities added in this investi-

gation were Sb, As, and Bi., Their electrode poatential lies

between hydrogen and copper and they could codeposit with
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it at low copper concentrations. Luckily.the Sb, As, and

Bi content of the anode copper in the U. S. is generally low.
Antimony is completely soluble in copper above 700°C

but below 700°C partial precipitation of an oxide can occur.

Antimony hydrolyzes upon entering the electrolyte and is .

[11]

probably present as antimonious acid or SbO4 ion. Antimony's
limited solubility in the electreolyte, 1.1 gpl (grams per
liter), probably prevents it from becoming a serious impurity
in the cathode.

Arsenic is completely scluble in moltewn copper regard—
less of the oxygen content. Arsenic is hydrolyzed in the

electrolyte to arsenic acid oxr AsO, ion. Both of these spec-

I TH

ies are soluble in the electrolyte., At axsenic's theoretical
electrode potential it would take a concentration of 18 gpl
before it would be codeposited with copper. Regularvpurifia
cation of the electrolyte, however, will hold the arsenic
concentration well below this lewvel.

Bismuth.is soluble in molten copper but it will combine
with any oxygen present to form an oxide that precipitates
aleng the copper grain boundaries. It also hydrolyzes in
solution to form a slightly soluble basic sulfate or a bis-
nmuth arsenate, BiAsO4. Bismuth's solubility in the electro-
lyte is about 1.8 gpl and so its presence usually presents

no problem,
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In most cases the presence of these last three metals
in the cathode 1s vrobazbly due to slime inclusions or salt-

ing out of a super-saturated solution.

Gaseous Imourities. The three most ilmportant gaseous

impurities in anode copper are oxygen, sulfur, and hydrogen.
These impurities may be present in either elemental form or

compounds of these elements,

The oxygen in anode copper 1s present in the form of
Cus0. The Cupy0 is not attacked electrochemically (Hayward

and Hofman, 1924, p. 352) but reacts with the HpS0, accord-

=1

ing to Eq. 1.

Cuz0(g) * HpSOyu(1) = Cu(g) *+ CuSOu(l)» + HZO(]_) (1)
The copper metal enters the anode slimes and the CuSOy be-
comes part of the elecﬁrolyte. Uneven distribution of Cuy0

or othner electropositive impurities in the anode will cause

the anode to corrode unevenly.

Lange and Schab (1967, p. 63) have found that for anodes
low in oxygen the more oxygen in the electrolyte the greater
the dissolutlion rate at the electrodes. They also state that
oxygen formed at the anode tends to saturate the electrolyte
with oxygen. They found that the high oxygen content of the

electrolyts results ina 1.5 to 2.9% loss of cathode current
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efficiency. For anodes high in oxygen the rate of dissolu-
tion of copper devends on how fast oxygen can be formed at
the anode-electrolyte interface. They found that imouri-

ties decreased the rate at which this oxygen could be formed.

The reaction between oxygen and hydrogen and sulfur is
responsible for determining the set of the copper. The main

reaction in producing the set cooper 1s given by Eq. 2..

O+ 20 = H0(, (2)

The hydrogen and steam come from the fuels and from the com-
bustion‘of wood in the reduction process. The steam produced
is insoluble in the solidified copper. The steam produces
the set of the copper by forming enough microscopic bubbles
to offset the shrinkage of the copper. Between 1100°C and
1300°C the solubility of hydrogen in pure éopper is propor-
tional to the temperature (Bever and Floe, 1944, p. 157).
Allen (1930, p. 122) states that with other conditions con-
stant the solubility of hydrogen decreases with increasing
oxygen content, Phillips (1947, p. 38) believes that the
hydrogen content of the molten copper is relatively unimpor-
tant since there will always be enough hydrogen present to
produce the minimum amount of steam necessary. He says that

any excess hydrogen just starts escaping earlier from the

cooling copper. Allen and Hewitt (1933, p. 271) state, how-
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ever, that the porosity and hence the set are determined by
the hydrogen and not by the oxygen content. Thus, hydrogen
plays a main role in the oroduction of anode copper but the

exact mechanisms of that role are uncertain.

Sulfur is also important in producing anode copper, but
like hydrogen the exact function it fulfills 1s only vaguely
understood. The sulfur is present in the copper in the form
of CuyS. It comes from the fuel used in melting the copper
and from the coke used in covering the molten copper during
the reduction process. Skowronski (1919a, o. 311) determined
that the sulfur was removed from the copper by the following

reaction.

S + 20 = SOy (3)

He stated that the sulfur was completely removed in the oxi-
dation process buf that it was reabsorbed in the reduction
process when the oxygen content became low. He also stated
(1919b, p. 317) that the amount of oxygen opresent to obtain
a certain set in the copper is automatically controlled by
the sulfur content.. Pnillips (1947, p. 38), however, felt
thnat the set of the copper was controlled by the oxygen con-
tent. The sulfur content was only important wnen the sulfur

approached 1ts commercial maximum.

Carbon has a solubility of 0.0004 wt per cent in copper



To11l4 10

(Chipman and Floe, 1942, p. 36). Since its solubility is
small, and CO and CO, are practically insoluble in solidi-
fied copper (Giardi and Siebert, 1950, p. 1170), carbon is

not considered a véry important impurity in copper anodes.

Thermodynamic calculations were carried out to deter-
mine the stability of the different oxides in molten copper.
These calculations provided an approximate idea of which
oxlde could be present in ﬁhe anode copper. These calcu-

lations are shown in Appendix VII.

Therefore, although much is known about impuritles in
ccpper,4little of this knowledge applies to the effect of

these impurities in the electrolytic refining process.
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APPARATUS AND EXPERIMENTAL PROCEDURE

The follewing pages will explain the apparatus used,
the preparation of the alloys, and the cell operation dur-

ing a run.

Apparatus

The electrorefining experiments were carried out in
2 plastic cells. The cells measured 5 in. wide by 5% in,
high by 8 in. lcng." They were made of 3/8 in. lucite
plastic. The electrodes were held in the cell by a piece
of plastic with slots in it. The two 1/4 in. slots were
1% in, long and were spaced 1.35 in. apart. A screw com-
ing in through the outside edge held each electrode in its
slot. The holder rested on supports inside the cell.
Electrical tape was placed on each end of the holdex to
help minimize s{ray current losses, The cells were equip-
ped with a top that had a 1/8 in. deep groove in it the
same size as the box., This grcove formed a seal with the
top of the bex that helped reduce heat leoss and electro-

lyte evaporation. The top had slots for the electirodes and

11



T-1144 12

and two 1/2 in, holes for a stirrer and a thermoneter.

A cell was aléo made for the copper coulogeter used in
these tests, It was of similar construction to the test
cells, but it was—z.in. longexr and had no top. The coulo-
meter electrodes rested on top edées of the coulcmeter,

These edges were also taped. A 500 ml glass flask was
placed in the coulometer during a test. Cold water was circ-
ulated through the flask and this helped cool the electro-
lyte.

A)A-Sargent # S-84805 constant temperature water bath
was used to keep the elec{rolyte in the test cells at a con-
stant temperature during a run. A S-amp, 135-volt selenium
rectifier was used as a power source. A variable resistor
and an ammeéer were used to regulate the current., The elect-
rolyte in the test cells was agitated with a variable speed
electric stifrer. The coulcneter electrolyte was agitated
with a magnetic stirrer, A therneneter inserted in a rub-
ber stopper was used in‘the test cells., A plain thermonmeter
was used in the couleneter. The apparatus set up is shown

in Figures 1 and 2,

Experinental Procedure

The copper used to make the anodes was supplied by the

Anaconda Copper Co. A spectrographic analysis of it is
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— stirrer thermometer
anode u cathode
{ ~~~~—~——ﬁ-————~~~-4¥~~4ﬂ~--pj
electrecde Ll “J
holder ]
o0
-
Test Cell
\\
cathode . H::'ceoling flask
I
ancde [ 1 anede nu
- S
[o—) Conlometer
magnetic
stirrer

Figure 2. Schematic diagram of cells.
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given in Appendix VI. The impurities added in the test were
all reagent grade chemicals except for ihe arsenic and anti-
mony, which were industrial chemicals 98-.99% pure. The chem-
icals used in making the electrolyte were also reagent grade

chemicals.

Preparation of Test Alloys. The various alloys used in

this test were made by adding a welghed amount of impurity
to a known amount of copper, usually about 1800 gm. The six
tmpurities added were Fe, Ni, Co, Bl, As, and Sb. Besldes
being common impurities in anode copper, these elements are
all capable of combining with oxygen to form stable oxides.
They were added in amounts that would be representative of
their content in anode copper now processed in the U. S.

The copper and impurity was placed in a olumbago crucible
(plumbago is a trade name for a crucible that is made of
graphite with a2 small 2mount of organic binder) and melted in
a resistance furnsce at 11500C, A layer of charcoal covered
the copper while 1t was melted. The molten alloy was left
in the furnace for two hours during which time it was per-
iodically stirred with a carbon rod. The alloy was then
poured into 3 smaller plumbago crucibles to solidify. The
alloy was coverad with charcoal until it had completely
cooled. The alloys were removed from the cruciblesAand

weighed.
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®ygen, in the form of Cuy0, was added to 2 of the al-

loys. Ong alloy hgd 0.45 weight percent cﬁgo %dded to it
and the other had 0.90 weight percent Cu,0 added. This cor-
responded approxiéately to 0,05 and 0,09 weight percent
oxygen respectively in the 2 alloys. This oxygen content
is representative of the oxygen content of commercial an-
odes., The 3 crucibles we#e then placed back in the furn-
ace. 7The alley to which no oxygen was added was again
covered with charcoal, but the other 2 crucibles were left
nneovered. The alloys were stirred twice during the 1%
hours that they remained in the furnace.

The cepper was removed from the furnace and cast into
a graphite anode mold. The anodes were allowed to cool un-
der caarﬁaai for about 1 minute and then they were guenched

in water. Thus 3 ancdes were obtained which had the sane
impufity level but varied in xygen content. The anodes for
the coulemeter were made in a similar way except no Cu,0 or
impurities were added, This copper was always covered with
a layer of charceal during nelting. he dimensions of the
ancdes are shown in Figure 3. Tweﬁtymtwo ancdes were pre-

pared in this manner, of which four contained no impurities

and only varied in oxygen content.
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Figure 3. Dimensional diagram of anodes
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Operation of Test Runs. The top 0.050 in. on each side

of the ancde were machined off. This machining was done to
remove any differences, such as oxygen content, that might
appear in the copper during casting. The anodes were sanded
on both sides and edges to remove all imperfections and sur-
face oxidation. They were then cleaned in a 3:1 sclution of
water and nitric acid. The edgeslwere taped with electro-
plating tape. One side was sprayed with 3 coats of lacquer.
A heavy coating of vacuum grease was spread over the lac-
quer. The tape, lacquer, and grease were applied so thaté
the anode would corrade from one side only. The anodes for
the coulometer were prepared in a similar way. The anocdes
were weighed and their weights were recorded.

Cathodes for the test cells were cut from 1/16 in. sheet,
They wexe cut to the same dimensiocns as the ancdes. They
were also taped, lacquered and greased the same as the ancdes.
Cathodes for the coulometer were cut from 0,005 in, sheet to
the same diménsions as the coulometer anodes. Since the
coulemeter cathode was to have copper plated on both sides of
it, nofhing further was done to it. The weights of the fin-
ished cathodes were recorded. The ancdes and cathodes for
the test cells were placed in their holdexs. Three and one

half in. of electrolyte, consisting of 147 gm of Cu504.5H20
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(40 g1 of Cu) and 104 nl of H,,S0 ( 200 gm of H S0 ) made up
to a liter with distilled water, was added to the test cells.
The electrolyte depth and placement of the anode and cathode
in their holder was determined c¢o that the same amount of
electrede axrea was submerged in each cell.

The coulometer elecircdes, 2 ancdes and 1 cathode, were
placed in the couloneter cell. An elaectrolyte consisting of
125 ga of CuSO S 0 5 g of concentrated H 04, and 50 gm
of ethyl alcohol made up to a litexr with distilled water was
prepared. The alechel was added to preveat the oxidation of
Cut to Cu*. A zoppar coulometer was used in preference to
a silver couloiteter, because accowding to Potter (1961, p.
14) the copper couloneter is wmove suitable for repeated
mazasuvrenenis of noderate accuracy.

The test cells were placed in the water bath. Uhen the

electrolyte reached ope 1g terpevature, 60°C, the elect-
rodes were placed in the cell, ihe ton was slipred on, and
the wiring was bLookaed up. The acculoseter soluticn was then
poured dinto the couleneter and the wiving and the cocler were
hookaed up. The reoiid
adjusted to 1.04 amns., This curvent scoitting and submerged

cathede avea weve calculatad to pre

aquare foot) eathede curvent density, which is pbout the ave
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erage current density that is used in comnercial aperations.
The stirrers were éurned on and adjusted so they both turned
at about 250 xpn. The cells were run like this for 48
hours,

Twice each day while a test Qas in progress, the current,
voltage, temperature of each cell, and the temperature of the
water bath were recorded. The temperature of the test cell
ras kept at 60°C & 1°C. The coulonetexr temperature was kept
at 21°C + 2°C. The electrolyte level was also checked at
these tinmes and distilled water was added to bring the electro-
lyte back to its original lewvel.

At the end of 48 hours all electrcdes were removed from
the solutions and ivmediately rinsed with distilled water.

As soon as %he ela@tr@des were free from all coppexr sulfate

crystals, they were rinsed with ethyl alcohol and ignited.

They were then placed under heat lamps forxr 1 hour. At the

end of this time the electirades were coﬁpletely dry and their
eights were recorded,.

The electrolyte from the test cells was filtered. The
ceii was rinsed and this water was also filtered. The riése'
watexr from the electrode washing was also filtered since it
ontained manywparﬁicles of copper and flakes of copper oxide

he wolume of this filtrate was recorded cud the solution was
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stored in a bottle. The copper on the filter paper was
taken into solution. This solution was diluted up to 100 nl
in a volumetric flask and stored in small bottles,

After all the alloys had been run, several additional
tests were made, In the first test a high oxygen ancde and
a low oxygen anocde prepared in the usual way were placed in
a cell with a cathode. A standard electrolytic solution was
added until 1/2 in. of the electrodes was coverad. The cur-
rent was adjusted to give an 18 asf cathode cuxrent density.
After an hour, another 1/2 in. of electrolyte was added and
the current readjusted to 18 asf. This was dcne three more
times until there were 5 different sections which varied in
electrolyzis time from 3 hours to 15 minutes.

The second test was made by placing a high oxygen and a
low oxygen anocde in the same cell. Electrolyte that contain-
ed no CuSO,.5H,0 was added but no current was passed through
the electrodes. The solution was heated and stirred for 48
hours. This test was done to see the effect of HySO0, in the
elactrolyte en the corrxosion of the anode.

The final test was dcane by piacing a high oxygen anocde
and a low oxygen ancde in a cell with a cathode. Electrolyte
containing no H,80, was added to the cell. The current was

adjunted to 18 asf and run for 48 houxs., 7The solution was
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.

also heated and stirred. This test was done to see

viay the anodes dissolved when no H,S0, was present.

N
N
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RESULTS CF EXPERIMENTS

The experimental results obtained during the electro-
refining tests can be grouped into three categories. They
are corrosion characteristics of the anodes, curxent effic-
iency of the anode and of the catihede, and transference of

impurities frcm anode to cathode.

Anode Corrosion

The follewing description of the anodes appl%es to ob-
servations made undex 6X magnification. It was found that
anodes low in exygzn had a much rougher surface arter elec-
trolysis than anedes that were high in oxygen. This fact
was quite apparent in the test that changed the electrolysis
tine of the ancde by small amounts. These anodes are shown
in Figures 4, 5, and 6., At the end of 15 minutes eclectrol-
ysis time the low oxygen ancde had small cracks visible in
its surface. These cracks were na2arly continuous and appear-
ed to be at the grain boundaries of the copper. As tine pro-
gressed the cracks got wider and deeper while the original

surface of the metal appeared relatively untouched, At the

23
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a. Anode surface at 15 rrinute-s. (10X)

surfac.i: & 10ui*s + {10a)

fciarly stares of anode corrosion, low oxygen anode .
Apprcxirr.o tely 0,03 of $ Op
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end of two hours the surface appeared to be about half’
cracks and half original surface., At the end of three hours
almost all of the original surface was gone. A specimen
that bhad been run 48 hours looked similar to a specimen

that had been run 3 hours,

In high oxygen ancdes a different type of corrosion
was observed., At the end of 15 minutes the surface appear-
ed slightly xough but had no visible cracks. As the elec-
trolysis continued, slight depressions on the ancde surface
became visible, After 3 hours the only apparent surface
features wexe these slight depressions. At the botton of
many of these depressions were small holes. In test spec-
imens run 48 hours the depressions were no longer present
but were replaced by an irregular notchy surface., Some in=-
puritiss tended to lessen the effect of oxygen on the sur-
face corxesion but others increased it.

The two copper anvdes without impurities that were
electrolyzed in a selution containing no acid showed a dif-
ference in surface appearance, bdut the ancdes that were
left in the solution that contained just H580, and water and
were not elecirolyzed did not. These specimens showed very
little corrosicn and each one only lost 0.60 gm during the

48 hours that they were in the solution. Thus the presence
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of oxygen in the ancde tends to give the anode a more uni-

form corrosion characteristic.

Cuxrent Efficiency

nrrent efficiency is defined as the ratio of the
amount of copper that was lost or gained by an electrxode
over that ancunt which theoretically should have been lost
or gained, The theoretical amcunt that should have been
lost or gained was taken as the weight of copper that was

denoseited on the coulometer cathoede. This was done because

fude

t was felt ithat the coulcueter cathede dep@sig was the
closest representation of the amount of currxent that had ac-
tually passed through the cell. Since two samples were xun
at a time, the efficiencies listed in Table I are grouped

in the samne way, Table II lists the efficiencies grouped

by impurities addition,

Tra 15f erence of Imour ities

Table III lists the impurities found in the anodes, In

samples 2 through 18 the sulfur was determined by the in-

metion furnace techundque explained in Appendix I. Also din
AN
these same samples the oxygen content was determined by

hydrogen reduction, weight loss method described in Appendix

II. Because samples 19-24 contained volatile dmpurities,
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Table II. Anode and cathode current efficiencies
function of impurity addition and anode oxygen
content.
Sample Impurity Arncde Anocde Cathoede
# Present % 0 Current Current
Wt. % Eff. Eff.

3 Nene 0.058 105.6 97.7

5 None 0.180 104.8 96.5

4 None 0.298 109.8 28.5

6 None 0.479 107.3 97.2

9 Fe=0,009 0.060 103.7 97.3

7 Fe=0.008 0.093 104.1 95.9

8 Fe=0.009 0.138 106.0 94,9
10 Ni=0.125 0.019 104.0 97.1
11 Mi=0.150 0.040 103.8 96.8
12 Ni=0.140 0.043 103.2 97.6
13 Co=0.010 0.038 103.0 06.8
14 Co=0.011 0.040 102.7 97.7
15 Co=0.010 0.052 103.1 97.2
16 Bi=0.006 0.036 102.0 97.5
17 Bi=0,C06 0.063 103.1 06.8
18 Bi=0, 006 0.072 103.0 96.9
19 As=0,031 0.022 101.9 97.3
20 As=0.029 0.044 102.6 26.2
21 As=0,027 0.066 102.8- 96.8
23 Sh=0,059 0.023 104.2 26.0
22 Sp=0.065 0.051 102.6 08.2
24 Sb=0.067 0.038 -102.8 97.2
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Table III. Spectrographic analysis of ancdes.

Sample Wt.% Wt.% wt.% Wt.% Wt.% Wt.% Wt.%
# Fe Ni Co Bi As Sb Pb
3 0.0075 N.D. M.D. N.D. N.D. N.D. 0.019
4 0.0049 N.D. N.D. N.D. N.D. N.D. 0.002
5 0.0052 N.D. N.D. N.D. N.D. N.D. 0.009
6 <.0.003 N.D. N.D. N.D. N.D. N.D. 0.0058
7 0.009 N.D. N.D. N.D. N.D. N.D, © 0.031
8 0.00831 N.D, MN.D. H.D. N.D. N.D, 0.012
9 0.009 N.D. N.D. N.D. N.D. N.D. 0.027
10 0.0071 0.125 N.D. N.D. N.D. N.D. 0.011
11 0.0055 0.150 HN.D. N.D. N.D, N.D. 0.019
12 0.0053 0,140 N,D, N.D. N.D, N.D. 0.010
13 0.0C042  N,D, 0.010 M.D. N.D. N,D. 0,014
14 0.0042 N.D. 0.011 N.D. N.D., N,D. 0.012
15 0.0040 N.D. 0.010 N.D, N.D. N.D. 0.013
16 0.0040 N.D. N.D. 0.0057 N.D. N,D. 0.002-
17 0.0035  N.D. N.D. 0,0061 N,D. N.D. 0.002
18 -2 0,003 N.D, N.D. 0.C059 HN.D. N.D. 00,0056
19 0.0039 W.D. M.D. N.D. 0.031. M,D, 0.037
20 :i:::O¢OO3A NQD. PI;D. NQD. 0.029 PJ.DQ 01032
21 <0,003 - M.D. N.D, N,D. 0.027 N.D. 0.031
22 0.0041 N.D. N.D. H.D. "N.D. 0.065 0.034
23 00,0040 N.D. N.D, M.D. N.D. 0.059 0.013

24 ~0,003 N.D. N.D, MN.D. H.D. 0.067 0.018
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the oxygen and sulfur content was determinedAby a variation

of the hydrogen reduction method. 7This method is described

in Appendix III..  The metallic impurities were determined by
the spectrographic method outlined in Appendix IV,

Table IV lists the impurities found in the cathode de-
posit. These iupurities were determined by the spectro-
graphic method described in Appendix V. The statement in
this table<0.000X means that 0.C00X was the lowest standard
available and that the impurity was less than this but still
present. Usually there was no difference discernible betﬁeen
sanples at this level. The notaticn N.D. (not detectable)
means that the spectrographic lines for that elenent were not
visible,

Table V lists the amount of copper found in the slimes
at the end of a run, The copper in the slimes was taken in-
to solution with a mixture of nitric and sulfuric acids. The
copper in solution was then titrated, using the short iodide

nethed of copper determination.
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Table IV, Spectrographic analysis of cathodes.

Sample Wt.® Wt.%

# Fe Ni
3 0,0005 <0.0002
4 0,001 <0,CC02
5 0.0005 0.00C04
6 0.001  <0.0002
7 <<0.,0005 <0.C002
8 0.0005 ~« 0,C002
9 0,0C05 < 0,0002
10  <0,0005 <0.0002
11 0L.E805 < 0.6002
12 0 * U(‘E{)S ’\’. O L] 0{}02

13 <Q,0605 <0,.G002
14 ~0.0005 10,0002
15 00,0005 -0,0002

-

°

16 <LOL0005  10,.C002
17 0,COL 0, G102
i8 <0,C005 20,0002

19 <0.0005 <0.0002
20 Z0,6005 ~10,6002
21 < 0,0005 70,0002

22 < 0,0005 <0,6802
23 ~0,0C05 70,6002
24 <0,0005 10,0002

Wt.% Wt.%

Co . Bi

N.D.

N.D. ~<0.00002
N.D, 0.00002
N.D. =<0,00002
N oD ° “::0 . (’:0002
N.D. £0.066002
N.D. «0.0C002
M.D, <0.000G02
N .D . ""\:O ° 00002
H.D, <0.00002
N.D., =0,0C002
N.D. -0.00002
N.D, -0,00002
N ') D 3 -'-.’fO @ 00002
N.D, ~0,00002
He.D. 20.00002
}."J Y D * “ '/TO s 00002
N.D., -0.00002
N.D. 10,0002
N.D. 0.0C002
N.D, -70.00002
N.,D. -0.060002

Wt.% Wt.% wt.%
As Sb__ fb

<0.00002 <0.0003 -~ 0.0003 0.0001

~20,0003 -70.0003 0.C001
<.0,0003 -70.0003  0.0002
~.0,0003 -°0.0003 <<0.0001

~0.0003 70,0C03 0.0CO05
~:0.0003 -0.0003 0.0005
-:0.0003 -70.0003 0.0002

-20,0003 -70.0CN3 -20.0001
- 0,0003 -0.0003 <0.0001
~'0,0003 - 0.0003 0.0002

©0,0003 0.0003 0.,0C0o1
10,0003 70,0003 0.0002
~0,0C03 0,0003 0.co02

- 0,0003 “0,.C003 0.0G002
- 0.0003 - 0.0003 0.06002
- 0,0003 - 00,0003 00,0002

0,CC03 0,0003 0,0002
~~0,0003 0.0C03 0.GC01
- O e 0003 - :O ) 0003 O ° O()Ol

0.0003 0.0005  0.0002
0.C003 0.0006 0.0002
.'D.0003 0.00055 0.0002
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Table V. Anount of ccpper found in slimes as a function
of oxygen content in the anode.

Sample # Wt.% Impurity Cu in
Op Present . Slimes(g)

3 '0.058 None 0.80
5 0,180 None 0.57
4 0.298 None- 2.12
6 0.479 None 0.09
) 0.060 Fe 0.29
7 0.093 Fe 0.29
0,138 Fe 0.26

10 0.019 Ni 0.52
11 0,040 Ni 0.20
12 0.043 Ni 0.27
13 0.038 Co 0.25
14 0.040 Co 0.06
15 0,052 Co 0.32
16 0.036 _Bi 0,03
17 0.0563 Bi 0.06
18 0,072 Bi 0.19
19 0.022 As 0.03
20 0.044 As 0.02
21 0.066 As 0.02
23 0.023 Sb 0.10
22 0.051 Sbh 0.43

24 0.0838 Sb 0.01
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INTERPRETATION OF RESULTS

The oxygen content of the anode seems to play an import-
ant role in the way that the anode corrodes. Hayward and
Hofman (1924, p. 378) stated that the purer the anode the more
even the corrosion. This was not true for the anodes electro-
lyzed in this experiment. Figureslu, 5, and 6 show the differ-
ence in corrosion behavior between anodes of low oxygen and
high oxygen content. One vossible explanation for the cor-
rosion is the presence of Cus0 in the metal. HMost pure metals
when placed in an etching solution, first begin etching in the
grain boundaries. This attack at the grain boundaries is at-
tributed to the fact that the atoms in the grain boundaries
are in a nigher energy state because of thelr location between
the grains. These atoms of high energy dissolve and go into
solution before atoms of average energy. It seems reasonable
to suppose that if Cup0 is present in the solidified structure,
areas of higher energy would be produced around the CuZO sites.

Some of the oxygen present will react with the hydrogen
and sulfur present to form steam and S50o. If the copper is
qulckly quenched, these gases will not have time to escape from
the copper and they will form many microscopic bubbles in 1t.
These bubbles would tend to strain the lattice and produce

areas of higher strain immediately around each bubble. Hence,

36
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the corrosion should be faster around these bubbles. This

metnod of corrosion is evident in Figure .,

Another possible explanation for the difference in cor-
rosion bvetween low and high oxygen anodes is the formation of
a eutectic mixture. At low oxygen concentrations the eutectic
would be interspersed between the grains of pure copper. If
the eutectic corroded at a faster rate than the pure copper, it
could produce the rough appearance observed in the low oxygen
anodes. As the oxygen content and hence the amount of eutectic
present increased, the surface would become smoother because

more of 1t would be corroding at the same rate.

Thus the presence of oxygen in anode copner tended to in-
crease the smoothness of the corroded surface although the
mechanism by whicn it does 1Is uncertain.

The impurities played a less definite role in the corrosion
of the anode. TIron 4id not seem to have any effect at all.
Nickel, Co, 2nd Sb seemed to increase the smoothness of the
anode., Thege samples all had a fairly smooth surface with very
little difference between samples. Arsenic and bismuth had a
roughing effect on the anode surface and all samples with ar-
senic and bismuth in them had a rough and irregular surface.
This was espeéially true of bismuth. Since bismuth is known
to form 2n oxide which precipitates in the grain boundaries,
this oxide may further increase the strain at the boundaries
and lead to rougher anode surfaces. It may be that the impurity
phase and the location of this phase in the copper lattice de-
termines how 1t will affect the corrosion characteristics of

the anode.

Table V shows the amount of copper found in the slimes.
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As pointed out earlier, Cuy0 reacts with H,504 to form
Cu(s) and CuSO4(1). Thus anodes higher in oxyéen should
have more copper in the slimes. There appears to be in
Table V no generai relationship between oxygen content and
copper in the slimes. Anodes containing bismuth were the
only ones that showed a steady increase of copper in the
slimes with increasing oxygen in the anode. It is intérg
esting to note that the arﬁenic bearing anocdes had very
little copper in their slimes. These 3 anodes all had a
h@avy‘black coating on them at the end of their run, This
Qeating may have prevented any loose coppef particles from
falling off of the ancde.

Thus it appears that the copper content of the slimes
does not necessarily increase with increasing oxygen content
of the ancdes. It may ke that the smoother surface ¢orro-
sion nullifiés the effect of the Cuy,0 dissolutions.

Table IY shows some interesting cmfrespwndence‘betwegn
oxygen content in the anode.and current efficiency. In gen-
eral the anode current efficiency was affected more than the
cathode current efficiency.

Besides the passage of current, the ancde current ef-
ficiency also depends on the dissolution of Cu and'Cuzo and

the loss of any pieces of copper which become loose when the

©
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surrounding natrix is correcded away. Because the Cuy0 willl
go into splﬁticn ugder the attack of acid,"thé ancdesvhigh
in oxygen should 1osé more weight and have a higher anode“
current efficienc&. This is exactly what was found. 1In all
but one of the eight sets of sampies, the high oxygen anocde
had a greater current efficiency. Nickel containing ancdes
were the only ones that 6id not show this tvend. It may
have been that because the nickel content was so high, it
had more of an inflm&mce on the corrosion rate than the oxy-
gen did, Table IX alsco shows that although the oxygen con-
ient of the other ancde fell between the 6xygen content of
the hich and low anode, thg current efficiency didn't always
fall between the other two current efficiencies. It could
be that’Gpéxating'cﬁnditicns changgd just enough between runs
to make any correlation between runs impossible, or it might
be that sligﬁt changes in the coulometer operating condit-
ions cause the coulenmetexr to operated with a slightly differ-
ent efficiency. Even a slightly different efficiency would
make it hard to correlate between runs, Whatever the cause
for the differences, it scems reaséﬁable to place more ewmpha-
sis on differences in a run than differences between cuns.
The cathode current efficiency depends on the amount

of Cut+ reduced to copper metal, the reduction of any other
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ions at the cathede to a lower valence state, and on any
chemical dissolution of the catheode. Chemical dissolution
of the cathode is thought to be controlled by the oxygen
content of the electrolyte. Since all runs were copen to
the air, the oxygen content in the electrolyte should be
constant throughout the experiment. The presence of Fe*3
in the solution is thought to lower the cathode current
efficiency because of the reduction of Fe'3 to Fe*?., Butts
(1954, p. 194) states that this reduction usually doces not

cccur until the Fe™3

concentration xeaches 3 gpl. He fur-
ther states that even if the Fe’3 reaches this concentration
it is very controversial as to how much influence this has
on the current efficiency.

When no impurities wexre present in the ancde oxr when
these impurities wexe nickel orxr cobalt, the cathode cur-
rent efficiency increased with increasing oxygen content in
the anode, The experiments with four other ancde impuri-
ties all showéd a less in cathode current efficiency with
increase in oxygen content. Ancdes with iron were espec-
ially notable as the cathode current efficiency drepped
alnost 3% between the lowest and highest oxygen content. Al-
though both the impurity level and the exygen content of the

anede may play a part in determining the cathode current
L]
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efficiency, it is hard to imagine what this rqle is. It
has to beviﬁvolved with either the reduction of different_
ions or the dissolution of the cathode. None of the data
obtained, however, indicate in what way this happens.

Table IV, which shows the cathede impurity analysis,
indicates that only very small amounts of impurities were
transferred to the cathode during the test runs. No sét.
of cathodes showed any significant difference in impurity
levgl that could be attributed to the composition of the
anode? It was hoped that scme of the oxygen that was ad-
ded to the anodes would combine with some éf the impurities
present {o form stable oxides. If these oxides were insol-
uble in dilute H2804 then there would be a lesser amount of
impuritiés in the electrolyte. Less impurities in the elec~
trolyte should produce less chance for deposition of impur-
ities in the cathede. It zppears that the tests must be
run for longer intervals of time,lso thét the impurity level’
in the electrolyte can reach a significant enough level to

be detected if it's deposited in the cathode.
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SUMMARY

Oxygen plays an important part in the electrorefining
of copper. Although the main reason oxygen is added to
copper is to produce a level surface on the cast anodes, it
has many side effects.

An increase in oxygen content in the anode tends to
make the ancde corrode more evenly., This is thought to be
due to the effect of ithe Cuy0 in the copper lattice. The
strain in the lattice caused by the presence of Cuy0 and
possibly small gas holes makes the surface corrode at the
same rate as the nexmaily high strain areas like the grain
boundarices., Some of the impurities present in the anode
.ﬁullified this effect, some increased it, and oune had no
effect on it.

An incxease in the ancde oxygen content also seems to
increase the disscluticn rate of the anode., This is thought
to be the result of the dissolving of the Cuy0 by H,80,.
Nickel was the only impurity added which changed this rela-
tionship. The cathede current efficiency was increased by

higher oxygen content when no impurities were present.

42
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Nickel and cobalt did not change this relationship, but Fe,
As, Bi, and Sb reversed it. No mechanism is known to ex-
blain the relationship between anode composition and cathode
current gfficiency;

The impurity level in the cathodes was not high enough
to determine if there was any relationship between the amount
of impurity ;n the cathode and the oxygen content of the an-
ode, The low level of impurities in the cathode was probably

caused by the shortness of the test rumns.



T-1144

SUGGESTIONS FOR FURTHER WORK

Because very little has been ﬁublished en work of this
type, the author feels it would be beneficial to offexr the
fbllowing remarks and suggésticns to anyone interested in'do-
ing any similar work.

The first thing to do beforxe undertaking a project sim-
ilaf‘to this would be to wvisit a refinery and talk to their
engineers., A knowledge of recent operating conditions and
problems could produce more walusble results. They also
might be able to indicate an optimum size for the ancdes and
an idea of ﬁow 1ong to run them,

- Another impaxtant thing to do would be to use the high-
est purity §épper possible. The rewmoval of an§ gases present
could be done in a vacuum furnace. Crucibies made out of a
non-xeactive material ave also another necessity. Silica
and alumina were tried but they both reacted with the Cu,0.
Magnesium oxide did nmt}r@act with the Cu20 and although it
did ecrack a little, it was the best of those tried.

The use of bigger ancdes and of a longer run time

would preotably also proddce better results, . The current

44
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efficiency and the buildup of impurities in the electrolyte
would both be more meaningful if longer run times were uéed.
If the anodes were too heavy, however, their weight could
be measured less accﬁrately.

More valuable information would be obtained if all
samples containing the same impurity were run at the same
time. This might be possible by redesigning the cells so
that each had its own heater. These heaters might be sini-
lar to the ones used to heat aquaxiums, It night also be a
good idea to use 2 different impurity levels. If one level
used was about the average and the other close to the maxi-
mum, 1t might be easier to determine if there is a corxela-
ticn between onygen content and transference of inpurities.,
An aralysis of the electrolyte and of the slimes to deter-
nine where the impurity goes night also aid in making the
above coxvelation,

Finally, another interesting idea would be to renelt

some actual anode copper and vary the oxygen content of it.
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Appendix I. Analytical procedure for the sulfur analysis in
copper. (Technique used by Kennecott Copper
Refinery)

DETERMINATION OF SULFUR IN CCPPER USING THE INDUCTION FURNACE

Principle of Method:

The determination of the sulfur content is based on the
following 2 equations:

SO, + 12 + 2H,0 = H2804 + 2HI

2 2
KIO3 + 5KI + 6HC1 = 312 + 6KC1 + 3H20

Oxygen reacts with the sulfur in the molten copper to
precduce SO,. The SO, reacts with the HCl and starch so-
lutiocn to form HI. 7This is then back titrated with the
KIO4 solution to the original color,.

Reagents and Apparatus:

Potassium Xcdate 0.0444 ¢gm of K105 per liter of
Solution distilled water. Standardize

against refined copper standard.

Starch Solution Dissolve 4 ga of arrowrecot starch
and 40 mg of phenylanercuric ace-
tate in 50 ml of distilled water.
Add this solution vhile stirring
constantly, to 350 ml of boiling
distilled water. Continue to boil
for 1 minute. Cool and add 12 g

of KI,
Silica Free of sulfur
HC1 Solution 15 ml per liter of distilled water
Oxygen and 2 stage
regulator
Low sulfur c¢rucibles Leco # 528-120

Crucible covers For above crucibles
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Appendix I (contd.)

Induction furnace Leco Model 521

Autcmatic timer Leco # 551

Automatic sulfur Leco Model 532

titrator
Starch dispenser Leco # 533-100
Pﬁrifying train Leco # 516
Proceduré:
Turn on titrator and induction furnace. Titrator

should be en 15 minutes before use., The grid cizxcuit
tap switch on the furnace should be kept on the lowest
setting.

Adjust oxygen flow to 1 liter per minute. Fill bub-
bler with HCl solution to about 1/2 in, to 3/4 in, above
oxygen inlet. Add one measure of starch from starch
dispenser, about 5 ml, to bubbler.

Adjust end point to use about to the 0,030 buret read-
ing of the titrating solution., Refill buret and turn
- switch to titrate position.

Add a small porcelain spoonful of silica, about 1/2 g,
to the crucible. Weigh a 2 g sample of copper turnings
and place in the crucible. Place cover on top.

Place crucible on pedestal, 1ift into the combustion
tube and close.

Press the butten on the autcmatic timer, preset for 4
ninutes. After cembustion, lower the pedestal and re-
move the crucible with tengs. Continue with other
samples as above,

The samples will titrate automatically. Read the buret
after each combusticn and refill as necessarxy.



Appendix I (contd.)

Calculation:

Multiply buret reading by 0.05 to give percentage of
sulfur in a 2 g sample,
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Appendix II, Analytical procedure for the determination of
oxygen in copper. (Technigue used by Kennecott
Copper Refinery)

DETERMINATION OF OXYGEN IN COPPER

Principle of HMethod:

Hydrogen is passed over heated copper drillings. The
oxygen in the copper combines with hydrogen to form
water vapor. The weight loss of the sample can then
be converted to weight percent oxygen.

Reagents and Apparatus:
Hydrogen gas Commercial grade
Tube furnace
Alunduam boats 5 in. by 3/4 in. by 7/16 in.

Collecting flask 500 m)l rcund distilling flask
with flat bottom

Rubber tubing and Amber latex tubing is used
rubber steppers

Procedure:

Weigh carefully a sample of copper drillings of 20.02xx g.
The drillings must be unoxidized and clean, about 1 mm
maximum thickness. Carefully transfer the drillings to
an alundun boat and place the boat in a coembustion tube
of a tube furnace. With rubber tubing connections, pass
hydrogen through the tube and through a glass tube dip-
ping into a flask of water. Pass 3 to 5 bubbles of hy-
drogen per second and allow a Tfew minutes passage to
sweep the air froa the tube. Tuxn on heat and heat the
sample to 850°C. Hold at this heat for about 1% hours.

Cool to about 650°C and then rencve tube frem furnace
and place in a cgoling rack. Cooling may be speeded up
by using a fan on the tube., It is advisable to recon-
nect thd tube to the flask during cooling to make sure
hydrogen centinues to be passed over the sample.



T-1144 51

Appendix II (contd.)

When the tube is coocled to xoom temperature, shut off
the hydrogen and remove the boat from the tube. Care-
fully transfer the copper back to the balance pan and
reweigh. By taking the 20.02%x original sample the de-
oxidized copper should weigh about 20,01+ making for
convenience in weighing. Since sulfur is usually pres-
ent in copper, the difference is taken to be sulfur
plus exygen. '

Calculation:

Weight loss divided by initial weight is weight of sul-
fur and oxygen lost. Subtract weight percent of sulfur
to get oxygen percent.
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Appendix IXII., Analytical procedure for the determination of
sulfur and oxygen in copper. (Technique used
by Kennecott Copper Refinery)

DETERMINATION OF OXYGEN AND SULFUR IN ANODE COPPER

Principle of Method:

The principle is similar to the procedure given in
Appendix II except any volatile impurities present in
the copper would be volatilized and make the percent-
ages wrong. The volatile impurities are contained

in a combustion vessel and the sulfur is precipitated
as CdS in a CdCl, solution,

Reagents and Apparatus:
Hydrogen gas

Cadmiun chleride
solution

Todine solution

Scdiun Thicsulfate
solution

Hydrochloric Acid
solution

Starch solution

Commercial grade

22 g CdClp, 480 ml NH CH made
up to a liter with distilled
water. 10 ml of this solution
is diluted to 50 ml with water.

1.4 g T, and 4 g KI per liter
of water. Standardize against
As03. Arsenic value of iodine
solution times 0.4278 equals
sulfux value.

2.2 gpl
One part HCl to 3 parts water.

Triturate 2.5 g starch with 10

ml of cold water. Pour gradually
with constant stirring into 1
liter of boiling water. Boil 15
minutes with stirring. Cool and
add 1.25 g of salicylic acid and
stir until dissolved.
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Appendix IITI (contd.)

Special quartz bulb Available from Amersil Co.,
Hillside, New Jersey.

Collecting flask Round 500 ml distilling flask
with flat bottom.

Amber latex tubing
Procedure:

A 10 g sample of copper drillings is placed in the
quartz tube. This bulb consists of a sphere about

1 3/4 in, diam with a tube opening out from diamet-
rically opposite sides. These tubes taper out slightly
to about 3/4 in., and the total length of the bulb is .,
about 8 in., A small pad of glass wool is placed in each
end of the tube. The bulb is then carvefully weighed,
fhe bulb nust not be charged with static eleciricity

as this will affect the weight. It is a goed idea to
go over the tube with a grounded stranded wire before
weighing,

The bulb is then olamped in a horizontal position and

a hydrogen tube connected at one end and a tube lead-
ing to a sulfur flask comnected to the other end. A
small piece of cloth is wound arcund the discharge end
of the bulb at the positicn of the glass wool aand a
sall drip of water is used on the cloth, After sweep-
ing any oxygen cut of the flask a gas flame is lighted
under the bulb and the bottom of the flask heated so
that the copper is heated in the range of 7509.350°9C.
By meons of baiffling arcund the bulb the top is pro-
tected from the heat and the volatile impurities col-
lect as a wmirror on ithe top of the bulb and in the

tube and glass wool.

The bulb is heated for abhout 2% hours and then allowed
to cool, Vhen the bulb eccols to yoom temp, disconnect
and by means of a vacuuw sweep the hydroagen out with
air. Then rveweigh, naking sure that the bulb is not
statically charged.
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Appendix IXI (contd)

To the flask containing the CdS add the following:

120 ml of previously mixed and ccoled 1:3 HC1l to which
10 ml1 of accurately measured standard iodine solution
has been added. Stir flask to make sure all sulfide
is in solution. Titrate the excess jiodine with the
thiosulfate solution, using starch indicator. Stand-
ardize the thiosulfate against 10 ml iodine solution
in the same volumes of reagents. ’

Calculation:

Establish ml thiosulfate soln equivalent to 10 ml iodine

soln.
(ml thiosulfate for 10 ml iodine) - (ml thiosulfate
fer sanple) = (ml thiosulfate equivalent to iodine

consuwaed by sulfur in sample).
ml thiosulfate difference X 10/(ml thiosulfate for 10
ml iodine soln) X sulfur factor of iodine soln X 10 =
percent sulfur,
Total weight loss X 10 - 95 = Zoxygen

Note:

Reactions of the CdS precipitate in preparation for
titration are the following:

Cds + 2HCL = HyS + CdCl,

HnS o+ 12 + 2HI + S
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Appendix IV, Analytical procedure for the determination of
impurities in anode copper. (Technique used
by Keinnecott Copper Refinery)

DETERMINATION OF IMPURITIES IN ANODE COPPER USING THE SPECTRCGRAPH

Principle of Method:

A sample of copper is burned in the spectrograph. All
elements present in the sawmple give off light of cer-
tain wavelength when they are burned. These lines of
light are recorded on film and the position and intens-
ity of the lines compared to standard lines indicates
the amount of each element present.

Equipment and Supplies:

Copper standards Samples of anode in wvhich the
impurity level has been careful-
ly determined by standard chem-
ical methods. Range of impuri-
ties in standard should cover
the range of impurities exupect-
ed in sample.

1% meter spectroygraph
Procedure:

The samples of drillings orx similar sized particles are
weighed in triplicate. The samples are weighed to the
nearest 0.05 g. Bach sample is bhriquetted in a 1/2 in.
mold at 16,000 pounds nressure, Standards are prepared
in a similar manner. A 1/4 in. grephite rod with a flat
end is mounted in the lower electrode holder and the
pellet is laid on this ved., A graphite rod with a hemi-
spherically shaped tip is placed in the upper electrode
holder and the two electirocdes set against the gap spacer,
The gap spacer is then swung out of the way and the '
spark stand door is closed. The sample is then burned
and additional samples are mounted and burned until the
fil:m is completed. The film is then placed in the den-
sitometer-conparator unit and the transmission readings
receorded for each line in each sample and standavrd. The
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Appendix IV (contd.)

amount of inmpurity present is determined by finding the
amount of transmittance on a transmittance versus impur-
ity level curve. Ap average assay is determined by us-
ing the duplicate samples.

Details of the excitation conditions and film develop-
ment are as follows:

Spectrograph
S1lit width 50 microns
Filter No. 6 (17% transmission)
Electrodes
Upper Special high purity graphite
nominal 1/4 in. with hemispher-
o ical tip.

" Lower Cine-half in. copper sample pel-
let supported by 1/4 in. graphite
rod. '

Electrode gap 3 mm

Ilectrical

ITnitiator Continuous
Discharge Interzupted
Voltage 240 v
Amperage 2 auwps
Inductance Residual
Resistance 25 cohns
Capacitance 42 microfarads
Rotary gap pointer 90
Discharge type Modified spark
Exposure tine 45 seconds
Photographic '
Film type Specfrum Analysis #1
Developuent Two minutes in D-19 ‘
Stop bath Fifteen seconds in 5% acetic acid.
Fixing . One minute in Kodak X-ray fixer.

Drying Two minutes on infrared dryer.
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Appendix V. Analytical procedure for deterxmination of im-
purities in cathode copper. (technique used
by Kennecott Copper Refinery)

»

DETERMINATION OF IMPURITIES IN CATHODE COPPER BY THE SPECTRCGRAPH

Principle of Method:
Same as Appendix 1IV.

Equipnent and Supplies:
Copper standards Same requirement as Appendix IV.
1% meter spectrograph

l.Lathe Small metal working lathe to
prepare elecirsde rods.

Graphite cups One in. dian of commercial graph-
ite rod., Fifteen degree slope
and approximately 1/2 in. thick.

Procedure:

A 1/2 g sample of drillings is roughly weighed and bri-
quetted in a 1/4 in. nold at 8,000 pounds pressure. A
high purity copper rod, 3 in, long and 0.220 in, diam,
is machined on the lathe to a 45?2 tip. The red is placed
in the upper electrode holder and the briquetted sample
is placed in graphite cup which is supported on a plat-
form in the lower electrode holder. Each elesctrode is
noved to the gap spacer and the pellet is centered to
the rod., The gap spacer is swung cut of the way and the
spark stand door is closed. The sample is then arced.

A standard is also awvced on each film, The amount of
impurities present is deterxnined in the same way as
Appendix IV.

Details of excitation and film development are as fol-
lows:
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Appendix V. (contd)

Spectregraph
S1lit width
Filter

Electrodes -

Upper

Lowex

Electrode gap

Electrical
Initiatorx
Discharge
Voltage
Amperage
Inductance
Resistance
Capacitance
Rotary gap pointer
Discharge type

Exposure
Pre-arc
Total time

Photcagraphic

58

50 microns _
200 mesh screen #7 filter (12%
transmission)

1/4 in. high purity copper rod
with 45° tip.

Positive polarity. 1/2 g sanmple
as 1/4 in, pellet on graphite
cup.

3 mm - maintained by manual ad-
Justment.

Strike

Continuous

300 v

10 amps

Residual

25 ohms

57 microfarads

c0

Multisource d-c arc

45 seconds
100 seconds

All counditions sane as Appendix IV, except stop bath

is 10 seconds longer.



appendix VI, Spectrvograyrhic analysis of initial catheode

copper.,

Concentration
{paxts per million)

02 60

Zn 10

i 10
£n 10
Fe 14

S 17

R TRy e e

Total dmpurities 124

99,5360 %
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Appendix VII. Calculation of the standard free energy of
: formation at 14000K for the various oxides
studied in this experiment.

The following calculations are intended to provide an ap-
proximate idea of which oxides could be present 1in copper at
2 temperature slightly above melting point of copper. These
calculations were to give an indication of which elements
could be removed from copper by oxidizing it. The calcula-
tions can vbe classified into three sections.

First, the basic equation for which the data were obtained
from the Handbook of Chemistry and Physics.

Sacond, the equation which calculates the change in free
energy in going from oxygen gas to 1 wt% oxygen dissolved in
molten copper. This value was obtalned from a paper by T. C.
Wilder.

Finally the calculation of change in free energy from pure
_metal to 1 wt% of metal dissolved in molten copper. nis
calceulation was carried out as follows:

M(s) = M (1 wt? in Cu)

AGO = RT 1In (Y°m) (M.W. Cu)
(M.W.y) (100)

Substituting in known values at 1400°K this equation becomes:

AG® = 6410 log (¥°m) (.635)
(M.W.y)

It was assumed that ¥© was equal to 1. This would only be true
" for ideazal solutions but it was used to vrovide a useful ao-

oroximation of AG®.
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Qntimony
1. 28b(yy * 3/2 0z() = SP2%3(1)
2. 30 = 3/2 Oz(g)
3. 28k = 28b(y)
Eqs. 1+2+3 28 + 30 = Sby03(q)
Arsenic

1. Bhsp(g) t3/2 054 %A3406(g)
2. 30 = 3/2 OZ(g)

= X
3. Zﬁ“ = QASu(g)

Eqs. 142+3 2As + 30 = %Asuoé(g)
Bismuth
1. 2Bl(q) + 3/2 Oy, = Bl203(1)
2. BQ = 3/2 Oz(g)
3.  2B1L = 2Bi(y)

W
Ko}
)

C 14243 2BL + 30 = B103(1)

AGO
AGe

aGe

A GO
AGo

aGe

AGO

n G°
A GO
aGe

o c°

61

’85,900

+54,300

- 436,200

+ 4,600

-90,300
+54,300

+26,200

- 99900

-48,300
+54,300
+32,200

+38,200

cal.

cal.

cal.

cal.

cal.

cal.

cal.

cal.

cal.

cal.

cal.

cal.
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Nickel
1.

2.
3.

Eqs. 1+2+3

Cobalt

1.
2.
3.

Eqs. 1+2+3

3.

Egs. 1+2+3

Copper
1.

2.

"Eqs. 1+2

1 (0]

Mi(s) * 202(g) = MO ac
— (o}

0 = 303(g) AG
Ni = Ni(s) OGO
NL + 0 = NiO aGo
o

Co(g) + %OZ(g) = COO(S) NG
o

Co = Co(s) NGO
Co +0 = COO(Sy AGe
h — 0}

Fe(s) * %02(g) = Fel(y) aG
O

Y] éog(g) OG
Fe = Fe(g) aGe
Fe + 0 = FeO(q) NGO
1 o}

o}

Q0 = %Oz(g) A G
— 0]

ZCU(l) + 9 = CuZO(S) A G

i

62

-26,500
+18,100
+12,600

+ 4,200

-37,250
+18,100
+12,600

- 6,550

-41,150
+18,100
+12,400

-10,650

-16,600
+18,100

+ 1,500

cal.

cal.

cal.

cal.

cal.

al.

Q

cal,

cal.

cal.

cal.

cal.
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Appendix VII (contd.)

Hence the order of stability of the oxides in molten

»

copper at 1400°K is as follows:

AG° (cal.)

Most Stable Fe0 -10,650
cod 2 61550
) -
Cun0 + 1,500
N10 + 4,200
Sb203 + 4,600
Least Stable 81203 +38,200

»

These éalculations show that the three elements (Fe,
As, Co) with a AG® more positive than copper form oxides
easily in copper. The three elements below copper do not
form as stable an oxide as copper. Thus, these calculations
show that Fe, As, and Co shculd form oxides in oxidized cop-
per while Ni, Sb, and Bi probably do not form oxides in oxi-
dized copper., These calculations, however, do not show
whether the element will be removed from the oxidized copper
as this depends on the solubility ¢f the oxide in the molten

copper.
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