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AB3TRACT

New methods for determining small amounts of chloride in copper-
refining selectrolyte and determining traces of bismuth in copper were
developed.

The antimony oxychloride hypothesis was studied critically.

The chloride concentration in copper=-refining electrolyte is
correlated with the grain size, the hardness and the bismuth content
of the copper deposit and with the cathode polarization. Explanations

are offered to explain these phenomensa,
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Part I

INTRODUGTION

In 1893 (5) Wesley Blair, a foreman of the Baltimore Electric >
Refinery Company's plant, discovered that chloride in some form (NaCl or
HC1), when added to the copper-refining electrolyte, changed the deposited
copper from a dull dark red color to e bright crystalline deposit. Since
then chloride has been added to the electrolyte at all copper refineries.

The importance of chloride cen ber . seen from the following two quo-
tations:

According to Ulke (41),

"wem——- refineries in the United States find, in starting deposition from
& normal acidified copper sulfate solution free from hydrochloric acid ,
thet the starting sheets are generally brittle, and that good tough start-
ing sheets may be secured by adding a small pitchful(ebout 300 cece } of
hydrochloric acid to each tanke. "

According to Addicks(1),

"Regarding chloridess I think it is the cuastom in all the refineries to
add small quantities of salt or hydrochloric acid, =-==—==- I have never
tried omitting it, as the cost is negligible and its use almost a tradi-
tion. Early in my ecquaintance with the refining of copPer, I was told
stories by terkhouse foremen of the terrible things that bed happened
when copper had been deprived of chlorine, and as nurses' tales have an
influence in after life, I put salt in the electrolyte just as I do in my
beefstock,."

As to the amount of chloride added, Walker(6) gives it as 24 to 72
mge/Ly and Addicks(2) as 38 mge/L « Table I illustrates the average con-
centration of chloride in the electrolyte of several copper refineries.

It is seen that the general range of the concentration of chloride is from

2 to 59 milligrams per liter,

f*é This should have been " Electrolytic"
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Teble I

Concentration of Chloride in Copper-Refining Electrolyte

Refinery Gl Concentration, mg./L Reference
Hount Lyell Mining and Railway Company,

Queenstown Plant 59 (27)
Nichols Copper Company, Laurel Hill Plant 4=7 (23)
Canadian Copper Refinery, Monitreal Fast

Plant 2 (25)
Ansconda Copper Mining Company, Perth Amboy

Plant 30 (16)
Ansconde Copper Mining Company, Great Falls

Plant 27-28 (9)

A high conceniration of chloride is harmful. According to Wen
and Kern (42),
"An excess of chlorine ions causes the deposits to become brittle and less
pure ; it is therefore of first importance that the amount of chlori@e edded
ghould be limited to a very small quantity, that is, to about 0.01 % of
chlorine as chloride, preferably sodium chloride., A smeller amount is also
beneficial. " '
According to Allmand and Ellingham(3),

" Too great & concentration of Cl' is to be avoided, as traces of CusClson
the cathode surface may give rise to nodular growths."

The functions of chloride have been reported as follows: chemically
it precipitates silver as silver chloride and bismuth and antimony as oxy-
chlorides}electrochemically it acts as a cathode depolarizer(34); physicak
ly it refines the grain size of the copper deposit(8). It is well known
that chloride reduces the loss of silver in the cathode. However, the
other statements are not so well established. Nany metallurgists in copper
refineries do not believe that antimony or bismuth is precipitated as oxy-
chloride in the copper-refining electrolyte. One large copper refinery
has found in a large-scale experimental cell that there is a decided drop
in the cathode potential when the electrolyte is practically dechloridized

(31)s According to Rouse and Aubel{35), the crystal size of deposits made



in electrolyte containing 20 mg. per liter of chloride is much larger

than the crystal size from one containing only 5 mg. per liter. Thus
it is seen that there have been no adequate and congistent explanations
for some of the effects of chloride in copper-refining electrolytse.

The purpose of the present work is to imvestigate the role of
chloride in the copper-refining elecirolyte. To simplify the study, the
work is to be divided into two parts , one dealing with chloride in the
electrolyte in the absence of addition agenis and impurities end the
other dealing with chloride in the absence of addition agents but in the
presence of bismuth as an impurity.

Since the present methods of determining small amounts of chlo-
ride in the electrolyte and of determining traces of bismuth in copper
are not satisfactory, quick, simple and reasomably accurate methods are
to be developed to facilitate the investigation.

Since the antimony oxychloride hypothesis is given in several

texthooks, this hypothesis is also to be studied critically.



Part II

DETERMINATION OF SMALL ABOUNTS OF CHLORIDE IN COPPER~REFINING
ELECTROLYTE BY POTENTIOMETRIC TITRATION
Introduction

The ordinary method of determining small amounts of chloride in
copper-refining electrolyte consists of precipiteting chloride as insoluble
silver chloride and weighing as such. The obvious disadvantages of this
method are:

(1) It tekes a couple of hours for small amounts of silver chloride to
settle.

(2) The précipitate must be thoroughly weshed to free it from all soluble
substances. When the last trace of adsorbed silver is removed, the preci-
pitate is apt to become colloidal.

Some laboratories take up the silver chloride so precipitated in
lead, cupel it, and weigh the silver bead. Since there is significant loss
of silver by volatilization, especially because of the presence of chloride,
it is questionable whether the extra operation is justified.

of the

The aim of fﬁhis_part:4 investigation was to find a simple, rapid and
accurate method of determining small emounts of chloride in copper-refining
electrolyte,

Organic Reagents

The most promising reasgents for determining minute amounts of chlo-
ride ion in most materisls seem to be dithizone end diphenylecerbazide.
Both involve indirect methods. In the former case excess silver nitrate is
added to the unknown solution. Silver chloride is precipitated. The unused

silver is then determined by an extractive titration with dithizone (20) &
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The indicator is dithizone itself. It forms a yellow complex with silver
in weak acid solution. In the latter case mercuric nitrate solution is
added gradually to the unknown solutione So long as chloride is present,
it will remove mercuric ion as practically unionized mercuric chloride .
The excess mercuric ion is immedimtely shown by a violet color, which is the
color of complex formed by diphenylcarbazide, added as indicator, with mer=—
curic mercury(23). Both reagents are very sensitive if interfering elements
are ebsent or removed, and if certain rigid requirements on the condition
of the urknown solution are met.

Diphenylcarbazide

No experiments were made on dithizone. A series of experiments made
by the author show that the results utilizing the diphenylcarbazide in
determining chloride in copper-refining electrolyte is not satisfactory .
The chigf difficulties ﬁmy be summarized as follows:

(1) It is necessary to isolate chloride from interfering elements
guch as Cu++, Fe+++, etc. in the electrolyte, because -+they develop the
same color with diphenylearbazide. Distillation of the electrolyte at 100
o 11000. seems to be a good method of separation. The extraction of chlo-
ride in the distillate as hydrogen chloride is almost quantitative. How-
ever, distillation of 50 ml. of eléctrolyte takes about 1 1/2 hours and
requires constant attention.

(2) When chloride is isolated in the distillate, the pH of the dis-
tillete must be adjusted to an optimum valus before the titration with mer-
curic nitrate can be made. This is because diphenylcarbazide is an acid-
base indicator. The color in acid solution is almost colorless and that in
alkaline solution is orange. The end point is at pH 6. Evidently the pH

.of the unknown solution must be legs then pH 6., Besides, the violet complex
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formed by the diphenylcarbazide and the mercurile ion becomes colorless
et pH less than 4, Even in this nsrrow pH range , namely , 4 to 6, the
sensitivity of detecting the mercuric ion depends on the particular pH
prevailing , as shown by ths following tzble.
Table 1II
The Dependence of the End Point of Diphenylcarbazide
On the pHH of the Solution
Volume of solution: 50 ml.
Amount of chloride: equivelent 4o 5 mi. of C.001 N NaCl solution

No interfering elements present

PH of the solution Milliliters of 0.001 N mercuric nitrate solution
required to develop a faint violet color

3 13.0
4 6ed
545 248
7 0.8

Thus the pH of the distillate must be adjusted to a value accurate o the
first decimal place. Moreover, the intensity of the violet color depends
elso on the volume of the solution , the amount of indicator used, and
the lapse of time, While it might be possible to duplicate conditions aé
each determination, the operations are too complex for a practical method.
Potentiometric Titration

Preliminary experiments in which chloride was titrated potentio-
metrically, using & silver electrode with a normal calomel reference elec-
trode, have not proven satisfactory; it seems impossible to obtain e sharp
" value for the equivalence point even when differential titrations are
carried out. The interference caused by oxidizing agents such as ferric
ion in the elecirolyte, presents an additional objection to the use of the

gsilver electrode. After these preliminary experiments, investigation of
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the applicebility of the silver-silver chloride electrode to the problem
wes undertaken.
Silver-3ilver Chloride Electrode

The silver-=-silver chloride electrode is prepared , according 1o
usual methods, by coeting a small platinum wire with silver by electrolysis
of argentocyanide solution with 3 milliampere§for 24 hours, this being
easily done with & practcally exhausted ordinary dry cell., After washing
with distlled water and then with concentrated ammonia and & final rinsing
with distilled water, the surface is coated with silver chloride by elec-
trolyzing a dilute chloride solution, using a silvered electrode &s anode.
It has been shown (37) that the washing with concentrated ammonia is nece-
gsary to remove the last trace of cyanide. A current of 5 fto 7 milliamperes
is passed for 20 minutes, preferably in a dark roome. The silver—silver
chloride electrode so prepared has & brown color and is sensitive in the
cell for several months if kept in distilled water when not in use and not
exposed o direct light.

The silver-silver chloride electrode is commected to the normal
calomel electrode through a salt bridge, consisting of a saturated solution
of potassium nitrate containing 5 ¢ agar-agar.

The e. Mo fo of the following cell at 2500. s
Ag | Agll (8) , HoO saturated with AgCl [| 1.0 N KC1, HggCly(s)|Hg (1)
is 0.2224 + 0,0591 log 1.33X;O~5 = (.2841 = 04226 Ve, where 0.2224 and
02841 ere standard potentials at 2500. of silver-silver chloride elec=
trode and normal calomel electrode respectively;and 1.33)(10-515 the solu~
bility of silver chloride in mol/ L at 25 C.

In spite of the use of a salt bridge, it has not yet been found

possible to eliminate the liquid junction potentiale Owing %o the high
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diffusion rate of hLydrogen ion, there is a large liquid junction potential
between the copper-refining electrolyte and the saturated potassium nitrate
solution.e We desire to know the e.msfs, of the following cell:

AglAgCl(s), CuS0, and Hy80, saturated with AgGl]l.O N KC1, ngclz(s),Hg (2)

E. Huller(26) gives 0,24 v. as the inflection potential measured
ageinst the normal cslomel electrode. However, the inflection potential
depends on the acidity , the value decreasing at the higher hydrogen—ion
concentrations. We shall expect the inflection potential in the copper-
refining electrolyte to be counsiderably lower than 0,24 v.

Experiments were made by the author to determine the liquid junction
potential arising from such an arrangement. The temperature was regulated
at ZS.OOC. thermostatically. The data are collected in Table III,

table III
The o+ me L+ of the Cell: N Calomel Ele¢trode A | Solution X[

Saturated KNOB Solution‘ N Calomel Electrode B at 25.000.

Experiment " Solution X" ©e Me T
1 Distilled water - 0,0153 v
2 Cu 20ge/L 5 HS0, 98 go/L  + 0,0045
3 Cu 30 .50, 98 + 0,0042
average + 0.0048 v,
4 Cu 40 sto4 98 + 0.0052
5 Cu 50 HS0 98 + 0.005
2 4
6 Cu 20 Ha80, 196 + 0.0015
7 Cu 30 H2504 196 + 0.0014
gverage + 0.0014 v,
8 Cu 40 HoS0, 196 + 0.0013
9 Cu 50 sto4 196 + 0.,0013

Since no chemical reaction takes place in this cell, the total e.m.f.



is merely the sum of liquid junction potentisls. It is seen that the
substitution of distilled water by acid copper elecirolytes produces a

difference of e.mef. , which varies between

- 0.0153 -~ 0.0048 = 0.0201 v,

it

and - 0.0153 - 0-0014 - 000167 Ve
As an approximation we shell expect the e.m.f. of the cell(2) to vary be-

tween

L]

0.226 - 000203. 0.206 Ve

and 0.226 = 0,0167 0209 Vo

From many titrations it was found that the potential of silver-
silver chloride electrode, in a chloride-containing electrolyte of ordinary
composition titrated to the equivalence point , is 04214 v. at room tempera-
ture against a normal calomel electrode,

* From this res;lt it immediately suggests thet the equivalence
point can be estimmted by titreting to a definite potentisl instead of by
finding the maximum rate of changé of potential with respect to the volume
of titrant added as in the clessic method. It was mentioned before that
the classic method is not practical for the very diluted titrant used in the
present case. By the titration to a definite potential method the progress
of a titration is clearly shown by the potemtisl recorded, so that there is
little chance of missing the esquivalence point. This is best illustrated by
the data collected in Table IV. By interpolation the equivalence point is

reached when 37.54 ml. of titrant has been added, as this volume corresponds

10 a potential of 0.214 v,
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Teble IV
Potentiometric Titration (Titration to a Definite Potemtial) of

Chloride in Copper-Refining Electrolyte Using AglOg Solution

VYolume of Titrant Added Potential
2000 ml. 0.1418 v,
30.00 0.1710
35.00 0.1945
36400 0.2015
37.00 0.2092
37435 0.2124
3746 0.2135
37.70 02151

Table V¥ shows the experimental results. These titrations were pur-
posely carried out et room temperature ( 24 to 2800.) without any tempera-
ture adjustment. In each case a blank was run first, The blank was found
by interpoleting the nurber of milliliters of titrant required to bring the
potential against the normal calomel electrode of a particular solution to
0.214 V. Then the measured amount of chloride was added. Silver nitrate
solution was added gradually. The potentials and the volumes were record=
eds By interpolation the number of milliliters of silver nitrate solution
required to bring the potential to 0.214 v. again was founds The differ-
ence gave the net amount of silver nitrate solution used. It seems that
the amount of silver nitrate solution consumed in the blank is & rough mea-
sure of chloride present in the reagents used. In the analysis of an un-
known solution, no blank test is needed.

Teble ¥V , Pari a, shows the calibration of the strength of an appro-
ximately 0,001 N gilver nitraste solution. It is seen clearly that there is
a linear relation between the amount of chloride added and the volume  of
silver nitrate consumed. For the particular silver nitrate solution used,
1 ml. of the solution is equivalent to 0.0363 mg. AgCl. The mean deviation

is 1 %,



Potentiometric Titration with Silver Nitrate ( Titration to a

-

Table

v

Definite Potential) of Chloride in Copper-Refining Electrolyte

Volume of sample:

25 ml,

Part a

Room temperature ( 24 to 28° C.)

Caelibration of strength of silver nitrate,

Chloride add

0.106 mge or 4,24 mg./L 3.81

0.266
0.532
0.798
1.06
1.33
1.60

ed

10.6
21.3
32.0
4244
5342

6440

 Part

Gross
mle
8.09
15.22
22485
30.10
37.54
44,57

b

40 go/L Cu, 184 g./L HgS04

Blank Net mge Cl/ml. Deviation
0.80 ml, 3,01 ml., 0,0352 - 3.0 %
0.80 14,42 0.0369 + 1.7
0.80 22.05 000362 -~ 003
0.80 29,30 0.0362 - 0.3
0080 ‘36.74 000362 - 0'3
0.80 43477 0.0366 + 0.8
Average 0.0363 1.0

~ Effect of various impurities in the copper electrolyte

40 go/L Cuy 184 go /L H25044;Chloride added, 04532 mg. or 21.3 mg./L

Impurity wt, Forn
Ni¥tt 1.5 % sulfate
Fettt 0.1 sulfate
Fett 0.1 sulfate
sbtt 0,02 trioxide
sbt 0.1 tartrate
sbtt o020  antimenic
Bit"" 0.1 nitrate
AsHttt o,02  alzenic
As+tt 0,02  trioxide
Glue 0.0001 gelatin
Glue 0,0005 gelatin
Glue 0.001 gelatin
Glue 0,005 gelatin

Gross
17,15 mle
14,90
15,75
15.54
15,73
16.30
15.10
15,98
15.95
16.73
16.32
16,30
16453

Blank
2430 ml.
0,40
0.88
0.98
0.78
1.63
0,70
1.10
1.60
1l.64
1.47
1.41
1.37

Net
14,85 ml.
14.50
14.87
14.56
14.95
14.67
14.40
14.838
14.35
15.09
14.85
14.89
15.16

Cl found
0.539 mg.
0.526
0.540
0.529
0.543
0.533
0.523
04540
0.521
0.548
0.539
0.541
0,550

Error
+ 1.3
1.1

®
o
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Part c

Effect of various concentrations of copper and sulfuric acid
’ in the electrolyte

Chloride added, 0,532 mg. or 21.3 mgg/L

cu Hy80, Gross Blank Net €1 found Error
20 go/I. 98 go/L. 15.00 ml. 0442 ml. 14.58 ml. 0.529 mge - 0.6 %
30 98 14,59 0458 14,01 0.509 - 4,3
20 122,5 14.81 0.38 14,43 0.524 - 1.5
30 12245 15,50 060 14,90 0.541 + 1.7
40 12245 15,93 0.75 15418 0.551 + 3.6
50 122.5 15.41 0498 14.43 0.524 - 1.5
20 147 15.25 0.60 14.65 0.532 0
30 147 15.85 0.62 15,23 0.553 + 440
40 147 15.50 0.90 14.60 0.530 - 0.4
50 147 15,63 1.00 14,63 0.531 - 0.2
20 171.5 15.78 0.65 15.13 0,549 + 3.2
30 171.5 15,65 0.70 14,95 0.543 + 2.1
40 171.5 15.25 0.90 14,35 0.521 - 241
50 17145 15.39 1.10 14,29 0.519 - 245
20 196 15.15 0.73 14,42 0.524 - 1,5
30 196 15.95 0.75 15,20 0.552 + 3.8
40 196 16,14 1.00 15,14 0.550 + 3.4
50 196 16,32 1.20 15,12 0.549 + 3.2

Part b shows the effects of various impurities ordinarily present
in the electrolyte. It is seen clearly that nome of the impurities in-
terfoeres with the titration. The maximum error is 3.4 % .

Part ¢ éhows the effects of the chenge of the concentration of
copper and sulfuric acid. It is seen clearly that within the range of
concentrations tested, the liquid junction potemtial does not vary enough
to affect apprecisbly the accuracy of the results. The maximd%(ggr;.7 Soe

In these experiments no special precautions were teken with regard
to the effects of change of temperature, change of solubility of silver

chloride with increasing ionic strength, adsorption of chloride by silver

chloride and the change in liquid junction potential, This results in a
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comparatively large error of about 5 %. However, we gain time and simpli-
city. Moreover, in each determination in Parts b and ¢ of Table V only
0,532 mge of chloride is present. This degree of accuracy is quite satis-

factory for roubtine control purposes.

Summary

The smell amount of chloride in copper-refining electrolyte can
be determined by titrating the electrolyte directly with silver nitrats at
room temperature. The equivalence point is found by interpolating the
volume of +titrant required to bring the potential of silver-silver chloride
electrode against the normal calomel electrode to 0.214 v.

1. The method is accuraie to 5 ¥ when 25 ml, of electrolyte con-
taining 04532 mg. of chloride is teken as e sample.

2. The method i rapid. Only ten minutes is required for a titra-
tion. |

35 The method is fairly simple. All that is required is a normal

calomel slectrode, & silver-silver chloride electrode and a potentiometer.



Part III

'DETERMINATION OF TRACES OF BISMUTH IN COPPER BY DITHIZONE METHOD

Introduction

Several methods have been proposed for the determination of traces
of bismuth in copper. In brief, bismuth is first separated from large quan-
ties of copper by a collecting agent, such as ferric hydroxide(38) or
hydrated mangenese dioxide (24429), or an extractive agent such ss dithi-
zone(19)5 it is then determined spectrographicelly(29) or colorimetrically
(38524412)s An entirely different method(18) consists of the formation of
8 bismuth mirror when copper millings are heated at 1050 to 1060°C, in &
streem of hydrogene.

The bismuth mirror method and the spectrographic method require ela-
borate apparatus not usually available in copper refineries. The extrac—
tion of bismuth directly from copper solution in alkeline cyanide medium
is objectionable in that large quantities of cyanide have to be added to
keep the copper ion in complex form, which resulits in the liberation of
much toxic hydrogen cyanide and cysnogen. The colorimetric method( iodo-
bismuthite method) is interfered with by many ions which liberste iodihe
or form insoluble iodides. The isolation of bismuth presents marked diffi-
culties in view of the small quantity present. If bismuth is not isolated,
the method is not accurate. Thusa.simple and accurate method of determining
traces of bismuth in copper is needed for conirol purposes.

A dithizone method incorporating the following principles is found
useful,

(1) Hydrated manganese dioxide is used as a collector of bismuth(29). This

effects a rough separation of bismuth from copper, without loss of bismuth.
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(2) The manganese dioxide precipitate is dissolved and bismuth is extract-
ed from smmoniacel cyanide solution with dithizone solution in carbon tetra-
chloride., According to Fischer(2l), Bi+++, Pb++ ’ Sn++ s and Tl+ are the
possible ions so extracted. Thallium is not likely to be present in ordin-
ery copper. Tin is oxidized during the dissolution of copper. Therefore
lead is the only other element coextracted with bismuth in appreciable
amounts.

(3) The dithizonates of lead and bismuthrare thrown back from the carbon
tetrachloride phase into the water phase by shaking them with dilute acid.

Bismuth is the only element titrated out by dithizone solution at pH=2 (43).

Procedure
Dissolve a suitable weight of copper, containing about 10 to 60) of
bismuth, in 50 percent nitric acid. Boil off the nitrous acid fumes. Cool.

Neutralize the excess acid with 50 percent ammonium hydroxide until the
solution is just alkaline to methyl orange indicator. Add sufficient nitrie
ecid to give en acid concentration of about 0,02 N . Heat the solution to
boiling. Add 5 ml. of 20 percent potassium bromide solution and 3 ml. of 3
percent potassium permengenate solution. Keep boiling until the violet solu-
tion changes into a brown suspension. Filter out the menganese dioxide pre=-
cipitate through a Gooch crucible. Wash with a little water. Add the same
volume of potassium bromide and potessium permenganste solution to the fil-
trate as before to obtain a second crop of manganese dioxide precipitate .
Combine the precipitates and dissolve in a mixture of 10 percent sulfuric
acid and 1C percent sodium sulfite solution. Add 4 mle of 50 percent citric
acids Add 10 percent ammonium hydroxide drop by drop until the odor of
ammonie is barely perceptibles Add elso 4 ml. of 50 percent potassium

¢yanide solution. Transfer the solution to a separatory fummel, Add an
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excess of dithizone solution in carbon tetrachloride in 5-ml. portions
from a buret. The concentration of dithizone solution is about 5 mg. per
100 ml. and the dithizone has been purified by the ordimary method(32) .
Sheke vigorously after each addition., Draw off the carbon tetrachloride
phase before the next addition. The excess of dithizone is evidenced by
the fact thet the green color of the tarbon tetrachloride phase remains
unchanged for 1 minute. Collect the red dithizonates in a small beaker .
Transfer them 4o the separatory fumnel, Wash them with a little water .
Add e little 5 percemt nitric meid. After vigorous shaking, draw off the
carbon tetrachloride phase to & second separatory fumnel. Repeat the sha-
king with dilute nitric acid. Combine the acid extracts. Add 2 drops of
0.04 percent meta-cresol purple indicator. Neutralize with 10 percent
amuonium hydroxide until the solution is almost colored orange. Extract
with fresh carbon tetrachloride in 5-ml. portions to remove the yellow oxi=
dation products of dithizone. Add about 0.2 g. hydroxylamine hydrochloride,
Readjust the pH of the solution by adding dilute ammonium hydroxide or nitric
acid until the solution is colored orange (pH = 2 ). Add dithizone solution
in small volumes, Shake vigorouslys. Draw off the orange bismuth dithizon-
ate before the next addition. The end point is reached when the green di-
thizone sclution remeins unchanged in color. The dithizone solution is
previously calibrated egaminst the standard bismuth solution. The standard
bismuth solution is prepared by dissolving 0.l g. of pure bismuth in nitric
acid and then diluting to 1 liter., Teke care to have sufficient mitric acid
present so that no basic salt of bismuth is precipitated during the dilution.
One milliliter of the solution conteins 100 )" of bismuth,

Anplyticel Results

To test this procedure, various amounts of bismuth were added to 25



ml. of acid copper sulfate solution { Cu, 40 g./i.)-HQSO4 » 184 go/L ).

The resulits are collected in Table VI,

Teble VI
Determination of Bismuth in Acid Copper Solution

One milliliter of dithizone solution equivalent to 13) of bismuth,

Bi added, | Gross ml. Net ml. Bi found, |~ Error, |

0 0.15 2

10 0.8 0465 9 -1

20 1.5 1435 18 -2

30 245 2435 31 +1

40 391 2.95 38 - 2

60 4,5 4,35 57 -3

80 6el 5495 77 -3

100 75 7435 96 -4

Analyses were also run on different forms of copper. The resulis
are collected in Table VII. These different forms do not come from the
same sourcey 8o the resu%ts are not comperable.

Teble VII

Determination of Bismuth in Refined Copper

Form Bismuth content, percent
Copper sheet 0.0002
Gopper shots 0.0007
Copper wire 0.00008
Copper powder 0.0018
Summary

The proposed method gives reproducible and reasonably accurate re-
sults, It does mot require any special apparatus, It takes 2 to 3 hours
to run a single analysis. It is suitable for a control method in a copper

refinery,.



Part v
FUNCTIONS OF CHLORIDE IN COPPER-REFINING ELECTROLYTE

IN THE ABSENCE OF ADDITION AGENTS AND TMPURITIES

Experimental

A rectangular glass jar holding sbout 10 liters of electrolyte wes
used as an experimental cell. This was pleced in a large water bath, the
temperature of which was maintained thermostatically so that the tempera-—
ture of the electrolyte was held at 3700. (99°F.). There were separate
motor stirrers in the cell and in the water bathe. The speed of the stirrer
was about 2000 r.De.m.

The electrolyte used was a synthetic one, made from C.FP., chemicals .
The composition was: Cu, 40 ‘g'/L}HZSOIJ: s 184 g./L « The electrolyte was
frequently analyzed for copper and acid by the usual methods and minor ad-
justmen‘csiWez‘i'fe'f made to maintain this composition. The evaporation loss was
compensated by the constant addition of distilled water,

Current was supplied by a small motor-generator set capable of deliver—
ing 15 amperes at 30 volts. Proper resistance was connected in the circuit
to0 maintain the cathode current density at 15 mmperes per square foot ( 1.6
emp./ Sq. dme ) .

There were two anodes and one cathode. The anodes were cast electroly-
tic copper and the cathode was cast commercial lead . Lead was selected as
the cathode to facilitate the stripping of the copper deposit without using
0oil. The immersed srea of the cathode was 52 sqe ine ( 340 Sqe CMa )a

Attention had been paid to the possibility of the orientation of the
base. metal being copied by the deposit. At the beginning of the electro-
‘lysig:, the current was interrupted three or four times. The cathode was

takien- out of the cell and washed with normal sulfuric acid and distilled
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water. Then the electrolysis was resumed, This had been shown(l7) +to

have the effect of minimizing the continuity. The time of electrolysis in
each run was 12 hours. It was improbable that the influence of the base
metal extended very deep. As & final check, a portion of the deposit perpen-
dicular to the depositing surface was examined microscopically. In esch
case the deposit was oriented freely.

In each run the operzting conditions were maintained constant, as
specified gbove. The only variable was the chloride concentration of the
electrolyte. Chloride was determined poteniiometrically ( Part II ). Start-
ing from G. P. hydrated copper sulfate, which was practically chloride-free,
and C.P. sulfuric acid, which was chloride-free, the original solution wes
found to contain 2474 mge/L of chloride ( experiment No. 1, Table VIII ),
This chloride concentration was reduced to 0.75 mge/L by agitating the
golution wiﬁh’pppper powdéf for 8 hours and filtering ( experiment No. 2).
The chloride concentration was further reduced to a negligible amount by
adding an equivalent amount of silver nitrate to the solution ( experiment
Hoe 3)s Later the chloride concentration wes graduaslly increased by sdding
sodium chloride to the solution until a concentration of 84.8 mg./L was
reached.

After the electrolysis the copper deposit was stripped from the
lead cathode. Small specimens were mounted in bakelite and polished. One
sample was used to determine the hardness and another was used for the es-
timation of the grain size.

A Haring cell(22) wes used to determine the cathode polarization.
The operating conditions such as composition of the electrolyte, current
density and temperature were the same as those in the large experimental

cell except thet in the Haring cell the distance from the anode face to the
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cathode face was exactly 15 cme (5.9 in. ) and the electrolysis was carried
out for several minutes without stirring . The other conditions were main-
tained constant)only the halide concentration was varied. The hslides used
were sodium fluoride, sodium chloride, potassium bromide and potassium
iodide.
Results

The data correlating the chloride concentration of the electrolyte

and the hardness and the grain size of the deposit are collected in Table VIIX.

Table VIII

Hardness and Grain Size of the Copper Deposit

Exp. Chloride concentration, mg./L Average Average Micrograph
" Before After Av. conc. Av. conc. Vickers grain Noe
the the of the of the hardness size,
electro- electro-  bulk cathode number 8qs in. (Fig. III)
No. 1ysis  lysis £ilm y 1076
3 0 . 0.20 0,10 0.23 7241 1.13 a
2 0.75 - ~0.79 0,77 0.95 6649 1.23 b
1 2.74 2.63 2469 2480 7246 Q.64 c
4 5.72 5.52 5462 5.84 75.4 0.43 d
5 18.5 16.5 17.5 21.9 7343 052 e
6 32.2 30.2 31.2 30.6 724 0.60 T
7 49,5 43,9 46,7 4443 71.0 0.66 g
8 6343 4245 529 46,4 6845 0.60 h
9 84,8 40,0 6244 54,7 6644 0.72 i

The fourth column records the average of the chloride concentration
before and after the electrolysis, which represents the average chloride
concentration of the bulk of the electrolyte., The fifth columm records the
average of chloride concentration of the cathode film determined from the
composite samples taken during the electrolysis by the so-called "drainage"
method(15)s The sixth column records the Vickers hardness number, obtained
by an average of five or six readings. The seventh column records the ave-
rage grain size in millionths of a square inch. This was determined by

cutting 100 grains from micrographs teken at s magnification of 100X,
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weighing them and comparing them with the weight of 1 sq. in. of the szme
photographic paper. Freshly prepared ammoniacal hydrogen peroxide solu-
tion was used as the etchant.

The hardness and the grain-size data are plotted in Figure I. The
dete from experiment No. 3(zero initiel chloride concentration) are omitted
because of their apparent anomely. There is an increase of chloride con-
centration of 0.20 mg./L after the electrolysis. Probably some silver added
as silver nitrate and precipitated as silver chloride was codeposited with
gopper and an equivalent amount of chléride wss libersted. The hardness
curve is drawn through the points of the aversge hardness while the bands
show the renge of values reccrded.

The polarization data are plotted in Figure.II. The ordinates are
the excess cathode polari;gtion over that of the original electrolyte
without any addition of halide. The original electrolyte conmtains no fluo-
ride, bromide and iodide, but contains 1.36 mg,/i of chloride., Polarizae-
tion is afunction of the smoothness of the electrode. It is very difficult
to duplicate the smoothness of the electrode. By this method of plotting,
all curves zre shifted vertically to coincide at the polarization at zero
halide concentration( in case of chloride, the excess cathode polarization
is referred to a chloride concentration of 1.36 mg./L and the abscissaa are
shifted 1.36 mg./L to the left also ), and therefore the comparison is faci-

litated.

Discussion of Resulis

The solubilities of cuprous halides are collected in Table IX.
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Figure III
Electrolytic copper, X 100,
etched with ammoniacal hydrogen
peroxide.

a. Concentration of chloride,
0.10 mg./L

b Concentration of chloride,
0.77 mg./L

¢ Concentration of chloride,
2.69 mg./L
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Figure III (continued)
Electrolytic copper, X 100 ,

etched with ammoniacal hydrogen
peroxide,

g Concentration of chloride,
4647 mg./iz

h Concentration of chloride,
5249 mge/L

1 Concentration of chloride,
6244 mge/L
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Table IX

Solubilities of Guprous Halides at about 20°C.

Comiound Solupility product Solubility of halides Refsrence
) 2 in mg./L. in copper=
in ( mols/L ) refining electrolyte
CufF ? 6
CuCl 3.4 X 107 24 (14)
CuBr 4.6 X 1078 0.7 (14)
Cul 5 X 107* 0.0001 (36)

The solubility product of the respective halide is calculated or
taken from the reference marked in the last column of this table. In
making the calculations for the third colummn, the following values, which
are approximgste only, are assumed:

(out)’
m = 0.5)('10 and (Cu'’) = 0.5 K

It is seen from the polarization curves that bromide is & more power-
ful polariziné' agent than chloride. This is linked with the fact that CuBr
is more insoluble than CuCl.

The meximum of the fluoride polarization curve occurs al a higher
conceniration of fluoride than that of bromide or chloride. Although no
data on the solubility of CuF are available, it is reasonable to believe
that CuF has a higher solubility than CuCl.

After certain maximum concentretions of bromideé and chloride (for
chloride, about 15 mg./L ; for bromide, about 10 mg./L ), they act as de=
polarizers. This may be explained by the increase of solubility of halide
due to the formation of a complex ion such as CuClé..

However, Cul is more insoluble than CuBr, yet the polarizing effect

of the former ig wesk. Moreover, when small amounts of silver nitrate are

added to an electrolyte containing 1.36 mga./L of chloride, the author found
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tnet at first there is a decided drop in cethode polarization. Silver
chloride is more insoluble than the cuprous halides, except cuprous iodide.
Thus we can not explain the polarization by merely connecting it with the
precipitation of an insoluble compound,

The: three electrochemical reactions occurring at the cathode of a

copper-refining cell are:

H

Cu + 28 ~——2>0U ~m——eem————— e e e (1)
++ +

Gu + O " QU e et e e (2)
+

. s . ++ -+
These must proceed in such a way that the reletive amounts of Cu and Cu
ions deposited satisfy the equilibrium constant X of the following reac~
tion @

A+ +
Cu + Cu—>2 Cu (4)

if equilibrium is reached and persists (4).

If equilibrium is disturbed, that electrochemical reaction which
tends to restore equilibrium will proceed to the larger extent. Although
that resction will be the predominant one, it will not necesserily proceed
most quickly.

To explain the polarization phenomena, we assume that reaction (2)
is a slow process. If Cutbe removed, ©.Ze 3 86 an insoluble halide, to an
amount larger +than that demanded by the Guf+ ion concentration and the
constant K, reaction (2) will predominate. By the assumption this will
involve higher polarization, Thus the lower the solubility of halide, the
higher the polarization. This explains why fluoride, chloride, and bromide
at lower concentrstions act as polarizers,

The assumption that reaction (2) is a slow process is not new .

++
Thompson(39) assumed that in the anodic solution of copper, Cu->Cu + 2 e
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has a greater polerization than Cur9>0u4q+ 8y too much Cu+'is dissolved
and therefore the resaction ZCujércu*ﬂ.+ Cu, with the precipitation of
powdered copper, takes place. This is another way of saying that
Cuilircu+%-+ e is a slow process, as otherwise the excess Cu+ can be re-
moved by this reaction.

The anomelous behaviour of iodide is due to the following two con-
secutive reactionss

++ - +
2 Cu + 2 I —>2¢Cu + I

+ -
2 Cu + 2 I —>2Cul

2 cu’ + 4 I —>20ul + Iy
This involves no removal of Cu+ ion. Reaction (2) will proceed to almost
the same extent as if no iodide were present, and therefore the polariza-
tion effect is not great,
In contrast to what happens at the anode, the reaction Cu++ + Cu
—_—2 Gu+'wili'n6£ predominate at the cathode, since one of the reactants
is a solid. Probably because of this, the cathode polarization is always
higher than the anode one. As chloride or bromide concentration increases
above 8 certain value, corresponding to the saturation concentretion of the
respective cuprous halide, we assume further that the following electro~
chemical reaction will pertly replace reaction(2):
++ - =
Cu + 2Cl + e—CuClg--=mmrr=—=r—m——————— mmmmmmmmemm=(5)
It is conceiveble that reaction (5) takes place more easily than reaction
(2), as Cu+ has a naturel tendency to form a complex ion. Consequently the
following two consecutive reactions will shift from the right to the left.

-+ -
Cu + 0l Z=Z CUCl ~mommmmmmmmmmmmcmcmmmecmememcmm oo (6)

CuCl + Cl == Cully =-—-—m- SN ¢ §

+ +
Thus less Cu is removed as compared with the removal of Cu by reaction (6)
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alone. That chloride(or bromide) acts as a depolarizer is accordingly
explained.

Applying these considerations to the gnode, in the absence of chlo-
ride, regetion (4) takes place in the reverse direction. with the deposi=
tion of powdered copper. As chloride concentration is increased, the
reverse reaction of (5) will not predominate jthe forward reactions of (6)
and (7) will compete with the reverse reaction of (4). As a result cuprous
chleride will be precipitated with copper in the viecinity of the anode.

Blum and Hogaboom(13) have modified the statement of W, L. Bancroft
that " increasing the potential difference at the cathode decreases the size
of the crystals " into " increasing the cathode polerization usually decreses
the crystel size". Tt is seen from Figures I and IT that there is such a
correlation between the grain size and the cathode polarizstion.

Indentation hardness increases with the increasing finemess of the
grains in polycrystalline metals(7, 11) . It is seen from Figure I that
there is such a correlation.

Referring to Teble VIII, there is a decrease of chloride concentre~
tion after 12 hours' electrolysis. The decremse is not significant until
the initial chloride concentrstion is at or zbove 18.5 mg./L. « This is due
to the precipitation of CuCl, which gradually settles out. As to the chlo-
ride concentrstion of the cathode film, it is interesting to note that the
average chloride concentration of 17.5 mg./L elso forms a demarkation point.
At or below that concentration the cathode film has a higher concentraticn
than the bulk of the electrolyte, but the reverse is true above that concen-
tration. As was mentioned before, when the chloride concentration is above
the saturation concentration of CuCl in the copper-refining electrolyte, the
reactions (6) and (7) are shifted from the right to the left, and therefore

cuprous chloride is precipitated near the cathode surface.
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Conclusions

Up to about 15 mg”/L s chloride acts as a cathode polarizer in the
copper-refining electrolyte. It refines the crystal size and increases the
hardness of the copper deposit. Above that concentration chloride acts as a
cathode depolarizer, with simultaneous reversal in effects on grain size and
hardness. This concentration probably represents the saturation concentre-
tion of CuCl in the copper=refining electrolyte.

It must be emphasized that the work in this part is carried out in
a synthetic copper-refining electrolyte in the ebsence of impurities and addi-
tion agentis. in the present case the chief effect of chloride is to refine
the crystal size of the copper deposit. This effect is overshadowed by thg_

presence of glue or other addition agent in the actual copper-refining elec-

trolyte,



Part V
A STUDY OF THE POSSIBILITY OF PRECIPITATION OF ANTINMONY AS OXYCHLORIDE

IN COPPER=-REFINING ELECTROLYTE

+

It is well known that chloride in copper-refining electrolyte mini-
mizes the tendency for codeposition of antimony with copper. It has often
been assumed that antimony is precipitated, at leasst partly, as oxychloride.
Although most metallurgists in the copper refineries do not accept this hypo-
thesis, it appears in several text books. The aim of this part oﬁdigéesti-
gation was to critically examine this hypothesise

It has been known that freshly precipitated hydrated antimony tri-
oxide retains chloride very firwly. According to Bloom(12), three months®
washing of freshly precipitated antimony trioxide with distilled water under
constant agitation does not suffice to remove chloride completely. The amount
of chloride so adsorbed is not.definite. It varies with temperature and the
chloride concentration of the solution when the precipitaiion of antimony
trioxide takes place., While freshly precipitated gntimory +trioxide retains
chloride strongly, there is little, if any, tendency to retain nitrate or
sulfate. These phenomena are characteristic of adsorption, which varies with
the specific nature of adsorbing and adsorbed material, temperature, and con-
centration of adsorbed material.

It hes also been known that saturated sodium chloride solution pre-
vents the hydrolysis of antimony if the amount of water added is not.too
great. In fact, the sodium chloride solution need not be saturated and solu-
+ions of other chlorides, if sufficiently concentrasted, have the same pro-
tecting power. The author took 5-ml. portions of acid antimony trichloride
solution, which was 0.506 ¥ in antimony and 2,77 1 in hydrochloric acid .

Various solutions of salts having a conceniration of about 3.0 N were added



to them. The minimum volume of the solution required to produce turbidity
in each case was recorded. Since the turbidity is due to the precipitation
of antimony trioxide formed by hydrolysis, the' volume so recorded represents
the protecting power of ithe particular salt solution against the hydrolysis
of antimony. The greater the volume, the better the protecting power. The
data are collected in Table X.
Teble X
Proteciing Power of Various Salt Solutions against the Hydrolysis
of Antimony Trioxide

Solution Goncentration Minimum volume required
10 produce turbidity

EI;O 2.5 mla
NaCl 6.1 N (saturated) >50,0
NaCl 5,0 N > 50.0
NaCl 4,0 N > 50.0
NaCl 3.0 ¥ 18.0
NeCl 2.0 N 4,0
NaCl 1.0 N 3.9
KC1 3,0 N 6.8
BaCl, 2.9 N (saturated) 15.6
CaCl, 3,0 ¥ S>50.0
NH, F 3.0 ¥ S 5040
KBr 3.0 I ~50.0
KI 3.0 N > 50.0
NaliOg 3.0 ¥ 4,0
Ne, S0, 3,0 N 264
K,50, 1.4 ¥ (saturated) 2.8

It is thus seen clearly that the protecting power is tied up with the
halide ion concentration. Halides of conceniration of sbout 3 N have more

or less protecting power while sulfates and nitrates of the same concentra-

tion have no protecting power.
The author next took two identical samples of antimony trichloride
solution in hydrochloric acid. One wes ¢iluted with distilled water, while

the other was diluted with the same volume of saturated sodium chloride solu-

tion. There was immediate precipitation of antimony trioxide in the first



a3

sample, but the second sample remained clear. Both semples were titrated
with sodium hydroxide solution and the changes in pH were measured with a
Beckman PH meter. The results sre plotted in'Figure V. It is seen that,

in spite of the initial differences in pH and differences in behgviour after
the neutralization point , the shapes of the two curves are similar.

This suggests that the hydrolysis does take place when acid anti-
mony chloride solution is diluted with saturated sodium chloride solution.
Beceuse of the large amount of chloride adsorbed, the anbimony trioxide may
be peptized and give rise to & colloidal solution.

This inference ig supported by the fact that this colloidal solu-
tion can be made unstable by removing a large part of the adsorbed chloride
by cold dialysis with parchment paper. The dialyzer is placed in a large
vessel filled with distilled water and changed frequently. After eight hours
so much chloridg has diffused out through the parchment membrane that enti-
mony oxychloride is precipitated. The precipitete is not due to the hydro-
lysis of antimony chloride during the idialysis, as the precipitate is heavy
and settles readily, in conbrast with ordinary antimony oxychloride, which
is light and slow to settle.

To sum up, antimony oxychloride is nothing but antimony trioxide
plus adsorbed chloride. It is precipitaited whenever antimony trioxide is
precipitated in presence of chloride. I£ the amount of chloride present is
great, there is no apparent precipitation of either antimony trioxide or
oxychloride,.

Frém this consideration it is hard to understand why a small amount
of chloride added to copper-refining electrolyte should initiste the preci-
pitation of the dissolved amtimony, if it has no tendency to precipitate out
by itself.

Three further experiments made by the author show results which can
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not be explained by the antimony oxychloride hypothesis.

The antimony trioxide used for the following experiments was pre-
pared from C, P. antimony tartrate solution by adding excess ammonium hydro-
xide. The precipitate so formed was allowed to settle and then was filter-
ed, washed and dried. The powder pattern by x-ray of the antimony trioxide
so prepared registered every line of antimony trioxide but none of foreign
substances.

A synthetic copper-refining electrolyte wes made, containing Cu ,
40 g./L ; Hs50,, 184 g,/L..?he«electrolyte was saturated with antimony tri-
oxide(sulfate) by constent &iirring with a motor stirrer. The temperature
was kept at 2500. in a water bath. After 8 hours the solution was filtered.
Verious amounts of chloride were then added to different portions of the
filtrates After 24 hours, during which the solution was kept at 25°C. in &
water bath, they were filtered‘again, washed with dilute sulfuric acid, and
the filtrztes were analyzed for chloride by & potentiometric method ( Part
II)e The data are collected in Table XT.

Table XI
Amounts of Chloride Left in a Copper-Refining Electrolyte

Saturated with Antimony Sulfate

Chloride added Chloride found in solution Discrepancy
0.532 mge or 2L1.3 mge/L  0.555mge or 22.0 mg./l + 443 %
1.06 42 4 1.08 4342 T 1.9 %
1.60 64.0 1059 63.6 - 006 :19;

The smount of antimony per liter in approximately 3 N 3804 satu-
rated with antimony sulfate at 25°C. is about 220 mg. (see Teble XIII ).
If the atomic ratio of antimony to chlorine in antimony oxychloride is
assumed to be 1 : 1, 220 mg. of entimony will precipitate 76 mg. of chlo-

rides provided complete reaction tekes place. This would result in
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absence of chloride in the solution tested. Actuzlly the same amount of
chloride as added was found within the limits of error of the potentiometric
method(i 5 % Je This fact indicates that none of the chloride is precipi-
tated as oxychloride.

In another experiment, approximately 3 N Ho80, ( copper was omitted
in order to simplify the analysis for antimony ) waes agitated with antimony
trioxide for 8 hours at 2500. It was then filtered. A part of the filtrate
was analyzed for antimony and chloride, Antimony was determined iodometri-
cally and chloride potenitlometrically. The rest of the filtrate was agi-
tated with antimony oxychloride for another S hours at 2500. It was filtered
again and the new filitrate was analyzed for antimony and chloride. The
difference in antimony content between these two filtrates should indicate
the relative solubilities of antimony sulfate and oxychloride. The data
are collected in Table XIT.

Teble XIT
Relative Solubilities of Antimony Sulfate and Oxychloride

in Sulfuric Acid at 25°%C.

5b Gl
2.6 T HoB04 saturated with 0.,0012 M 0.00002 M
.antimony sulfate
Same golution saturated afterwards 0.0021 Ui 0.00561 U

with antimony oxychloride
Tt is seen that there is an increase in concentrstion of both anti-
mony and chloride after the further saturation of antimony oxychloride. We
caen but conclude that antimony oxychloride is more soluble than antimony
sulfate in the 2.6 I H,50, .
In the third experiment the solubilities of antimony sulfdte in
approximately 3 N Hy80, without and with suall emownts of chloride et 25%.
were determined. The solution wes agitated for 24 hours in each case. The

filtrates were then analyzed for acid and antimony. The data are collected
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in Table XIIT.

Table  XIII

)
Solubility of Antimony Sulfste in Sulfuric Acid at 25 C.

Concentration of HZSO4, B Concentration of Gl, mg./L Concentration of Sb

M geo/L
3.079 o 0.00L17 0.21
3,079 18.2 0.0018 0.22
3.079 304 0,0018 0.22
3.079 5446 0.0018 0.22
3,079 6048 0.0018 0.22
2.607 saturated 04285 3«47

It is seen that there is no decrease of solubility of antimony sul-
fate in spproximstely 3 W HpS504 when a minute amount of chloride is present,
as would be required by the oxychloride hypothesis.

This is in good agreement with Skowronski's experiment (10) if his
data are exitrapolated for the amount of antimony in absence of arsenic.
Since he used actusl copper-refining electrolyte, the agreement indicates that
copper probably has no eppreciable influence on the solubility of antimony
in sulfuric acid.

When sulfuric acid is saturated with sodium chloride, there is &
great increase in solubility of sniimony sulfate, This is probably due to
g much larger solubility of antimony chloride as compered with antimony

sulfate. It is interestiing to note that antimony dissolves as basic sulfate.

Conclusion
From chemical considerations and direct experiments , no evidence
can be found to support the statement that antimony in copper-refining elec-
trolyte is precipitated as oxychloride by the smgll amount of chloride pur-—

posely added.
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Part VI
FUNCTIONS OF GHLORIDE IN COPPER-REFINING ELECTROLYTE
111 THE ABSENCE OF ADDITION AGENTS BUT

IHN THE PRESENCE COF BISMUTH

Introduction

In Part IV the author has correlated the cathode polarization, the
grain size and the hardness of {the copper deposit with the chloride concen-
tration in a synthetic copper-refining electrolyte containing no addition
agents and practically uno impurities. It was shown that the chief effect
of chloride is 1o refine the crystal size of copper. This effect is over-
shadowed by thie presence of glue or other addition agent in actual copper~
refining electrolyte, therefore it seems reasomable to conclude that the
importance of chloride in actual copper-refining electrolyte lies in the
control of impurities.

It is well known that chloride minimizes the loss of silver in cop-
per. It is also well known that chloride minimizes the codeposition of anti-

mony and bismuth with copper. These influences can be illustrated by Table

XIV.
Table XTIV
Effects of Chloride on the Enrichment of Impurities in Anode Slime
Llement Standerd povential Relative ratio of enrichument
+ in eanode slime

Au Au/ Au 1.5 volts 171

Ag Ag/ Agi'm, 0.7275 422

T Te/ Te . 0.549 1

A: AS‘; AS+++, . Ue3 65

Sb sb/ sbttt,  o.2 112

Bi Bi/ Bittt,  o.2 84

Pb Pb/ Pbt+, - 0.1264 75

M Ni/ witt, - 0.231 5

Fe Fe/ Fet™, - 0.4402 4

Se Se/ 88”7, = 0.77 29
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The standard potentials are taken from Thompson's book (40). The rela~
tive ratio of enrichment in anode slime is simply calculated by dividing
the content of an element in the anode slime by that of the seme element

in the anode, the data repregenting the practice at the Raritan Copper

Works(28).

Theoretically these elements, in the increasing order of dissolu-
tion, can be arranged as follows:
Au, Ag, Te, As, 35ps Fb, Ni, Fe, Se

Actuslly the order is as follows:
Ag, Au, Te, Sb, Bi, Pb, As, 56, Ni, Fe

These two series are in the same order excepi for silver, antimony,
bismuth, lesd and selenium. Probably the standard potentisl of S.e:/ Seﬁﬁ-,
which is unavailable, should be used instead of Se/ Se ., The enrich~
ment of lead in the anode slime is due to the fact that lesd sulfate is
only slightly soluble, but it is chloride which throws proportionally more
gilver, antimony, and bismuth into the anode slime than is present in the
anode.,

The explanation of the enrichment of silver in the anode slime is
simple. Chloride precipitates silver almost quantitatively as insoluble
silver chloride, which then settles down in the anode slime,

No plausible explanation has been offered for the enrichment of the
anode slime in antimony and bismuth, The aim of this part of the imves-
tigation is to study the behavior of bismuth in copper refining.

Preliminary Considerations
Several explanations can be offered to explain the enrichment of
“fhe cnode slime in bismuth. Bismuth may be precipitated as oxychloride.
Tt may be occluded by the precipitate of silver chloride or cuprous cihlo-

ride., It may form o complex anion with chloride and migrste to the
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anode, where 1t is occluded into the anode slimse

As to the oxychloride hypothesis, it has been shown (Part V ) that
antimony is unlikely to h@precipitated as oxychloride in the copper elec-
trolyte. BSince antimony and bismuth are chemically alike, arguments against
the‘antimony oxychloride hypothesis can be used also as objections to the
bismuth oxychloride hypothesis, especially because bismuth is more soluble
than antimony in the copper electrolyte.

To test the complex—ion formation hypothegis, a transference experi-
ment of bismuth in copper electrolyte was performed. An improved design of
Hittorf's apparstus was used. The anode wgs'a copper wire and the cathode
was a copper sheet. The anode was placed at a lower level than the cathode.

The results are collected in Table V.

Table‘XV*e
Transference Number of Bismuth in the LElectrolysis of Copper
Composition of electrolyte: Cu, 42 g./i; H,5Q,, 188 g./L

Bi, 3.06 g./L (saturated) . Gl, 0.100 g./L
Current : 0.022 ampere /

Time @ 3 hours

Anode iMiddle Cathode
Weight of solution 11.9729 11.1986 30,1175
Weight of bismuth 0.0283 0.0288 0.0785
Weight of water 11.9446 g. 11.1698 g. 30.0390 g.
Initizl bismuth in above water 0.0306 0.0286 0.,0765
Gain in weight of bismuth -0,0023 -0.0003 0.0020
Gain ineguivalent of bismuth -0.000033 0.000029

Transference number of bismuth 0.013

It _is seen that the transference number of bismuth in the copper

' i*? Bismuth is analyzed by the dithizone method (Fart III). In Table
XV, the ratio of bismuth to copper is comparatively high, so the first step
of using hydrated manganese dioxide as the collector of bismuth is omitted.
In Table XVI, the manganese dioxide is formed by the interaction between
potassium permanganate and manganous sulfate instead of that between pota-
ssium permesnganste and potassium bromide,
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electrolyte contoining less than €.100 g./L of chloride is normzal. This
indicates that bismuth migrates toward the cathode.

To test the silver chloride occlusion hypothesis, a synthetic cop-
per electrolyte ( Cu, 42 g./L ; Ho80, 5 188 g+/1 ) was seturated with silver
sulfate. Sufficient bismuth was added to give a concentration of 0.0020 g./L .
Then various amounts of chloride were added to 50-ml. portions of this elec-
trolyte. These different portions were allowed to settle for 24 hours. Fi-
n2lly they were filtered, washed with two portions of 5-ml. waler, and sucked

dry. The filtretes were anslyzed for bismuth. The results are collected in

T&ble XVI.
Table XVI
Occlusion of Bismuth by Silver Ghloride
Exper. No. Cl concentration, mg./L Bi concentration , g./L
1 0 0.0018
2 10 0.0020
3 20 0.0019
4 30 0.0018
5 50 0.0019

It is seen that bismuth is not cccluded by silver chloride.

To test the cuprous chloride occlusion hypothesis, the same pro-
cedure wes used except that the electrolyte was not saturated with silver
sulfate but 2 g. of copper powder was sdded to each portion. The results
are collected in Table XVII.

Table XVIT

Occlusion of Bismuth by Cuprous Chloride

Exper. No. Cl concentratjon, mg./L Bi comentration, g./L
6 1.5 0.0019
7 10 0.0012
8 20 0.0005
9 30 0.0004
10 _ 50 ; 0.0005

K This amount wes originally presnt in the electrolyte.
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Another series of experiments with the same electirolyte saturated
with bismuth trioxide were also performed. The results are collected in
Table XVIII.

Table XVIII

Further Experiments on the Occlusion of Bismuth by Cuprous Chloride

TXpe NOo Gl conc.,  Further Expsrimental Bi conce,
mg. /L sdditions procedure ge/L
11 1.5 %K agitated by a motor 3.06
12 1.5 1 g. Nay505 stirrer for 3 hrs., 0.81
13 50 1 ge NapS03  then followed by 0.73
14 l.S-ﬂé 2 ge Cu pow. filtering, washing 2456
15 50 2 ge Cu pows with 10 ml. of water 2450

and sucking

These results show that cuprous chloride, whether formed by the re-
ducing action of copper or sulfurous acid, is able to carry down bismuth
with it{exp. No. 13 and 15). Experiment No. 12 is misleading in that there
was sufficient chlmﬁdﬁ in the sodium sulfite used to boost the chloride com-
centration 40 3.5 mg./L. The result of experiment No. 14 is to be explained
on the agsumption thet the following reaction can teke place:

3 Cu + Big(804)3~—>3 Cu 30, + 2Bi
This point will be treatéd more fully later on.

The author does not wish to use the results of these experiments @8
conclusive evidences to accept or ito discard any hypothesis, but they are
helpful in the choice of a working hypothesis. So far it indicates that the
cuprous chloride occlusion hypothesis has a better chance of survical.

Experimental Procedure

To study the behavior of bismuth in copper refining, a rectangular

glass jar holding ebout 10 liters of electrolyte wes used as an experimental

AN

5*; This amount was originslly present in the electrolyte.
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cell. Every working condition ,except the chloride concentration in the
electrolyte, was kept as constant as possible.

In each run the time of electrolysis wes fixed for 12 hours. The
temperature of the electrolyte was kept at 3742 <o 39.2° C. by a iarge
water bath surrounding the cell, the temperature of the former being main-
tained thermostatically. The cathode current density was kept at 15 amp.
per sqe ft. ( 1.6 amp./ sq. dm. ). The electrolyte was stirred by a motor
stirrer, whose speed was mainiained at about 1200 r.p. me

There were two anodes and one cathode. The anodes were cast from
electrolytic copper, with the addition of some master copper-bismuth alloy
containing about 10 ¥ of bismuth. The asseys of bismuth in the snodes, by
taking composite semples from the drillings of four equal-spaced holes in
each anode, were 0479 and 0.54 7 respectively. The czthode was cut from
regular starting sheets furnished by a copper refinery. No stripping oil
nor any addition agents vere used. ;

The electrolyte used was a synthetic one, prepared from C. P. hy-
drated @opper sulfate and sulfuric acid. This wezs first saturated with bis-
muth by agitating it with bismuth trioxide for 8 hours and then filtering.
The «€omposition of the electrolyte was Cu, 42 g./L)-HzSO4 s 188 g./L} Biy
3,06 ge/L (Table XIX, exp. Ho. 21). . After each run the 'chloride was re-
determined(Part IT ). Sodium chloride of C. P. grade wes then added to give
o definite chloride conceniration. The average concentration of chloride
before and zfter the electrolysis represents the chloride concentration in
that run( Table XIX, Columm 4 ). 1In experiments No. 22 and 30, the zero
chloride concentration wasiobitained by adding an equilivalent amount of sil-
ver sulfate and filtering out the silver chloride so formed. Experiment No.

22 was performed after experiment N0. 21 and experiment No. 3¢ after
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experiment No. 29. TFrequent analyses of copper and acid were made by
usual methods and minor adjustments were mede to maintain their concentre-
tions No.. attempts were made to aéjust the bismuth concentration? but bis-
muth was determined after eamch run. The average concentiration of bismuth
before and after the electrolysis represents the bismuth concentration in
that run ( Teble XIX, columm & ). Except that there was a surge of bismuth
concentration in experiments No. 21, 22, and 29, the biswmuth conceuntration
was essentially constant.

After each run the deposited copper was stripped from the smooth
side of the starting sheet and analyzed for bismuth by the dithizone method
(Part III).

Experimentsl Results

The experimental resulis are collected in Table XIX. The rela-
tion between the bismuth content in copper deposit and the chloride concen-
tration in electrolyte was plotted in Figure V. The results of experiments
No. 22 and 30 sre omitted because of itheir apparent anomelies.

It is seen from Table XIX and Figure V that there is a great
drop of bismuth content as the chloride concentration is increased to about
5 mg./L « The curve tapers off afterwards and reaches the minimum &t about
15 mg./L. Then the curve rises but does not reach the original height.

Discussion of Results

If we accept the cuprous chloride occlusion hypothesis, the shepe
of the curve in Figure V is readily explained. At the lowest poini cuprous
chloride reaches its minimum solubility, Its precipitation carries down
bismuth from anodes with it. The minimum bismuth content in the copper depo-
git then represents the sum of mechanical inelusion of snode slime and

electrolyte,
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Table XIX
Correletion between Bismuth Content in Copper and

Chloride Concentration in Electrolyte

Expe Initial Final Average Average Percent Bi
Cl conce, Cl conce, Cl concay Bi conca., in copper
Noe mge/L mg./L ng./L ge/L
22 0 0 0 259 0.0450
30 0 0 0] 2441 0.0420
21 1.50 1.02 1.26 293 0.0500
23 5450 5440 5.45 2436 0.0130
24 10.0 9.44 9472 2 &7 0.0062
25 15,0 14.5 14,7 2 A7 0.0035
26 20.0 19.4 19,7 241 0.0049
27 30.0 28.4 2942 236 0.0064
28 50.0 4044 £5.2 Re35 0.0083
29 3040 4846 64,3 2.60 0.0082

As chloride concentration is incremsed, the solubility of cuprous
chloride is increased due to the formation of a complex anion. Less cu-
prous chloride is precipitated. . The capacity of carrying down bismuth
from the anodes is decreased, Although the electrolyte is saturated with
bismuth and the bismuth concentration will not be increased by contribu-
tions from anodes, part of the insoluble bismuth may drift away from the
vieinity of anodes, giving the notorious "flost" slime. The chances of
the contemination of the copper deposit with bismuth are increased.

Whatever may be the mechanism, it is a fact that there is excess
Gﬁ+ ion at the anode. The excess Cu +ion beyond the cu++-cd+ equilibrium
can be disposed of in two ways, the precipitation of copper powder and the
precipitation of cuprous chloride. When the chloride concentration falls
below the saturation value, the precipitation of copper powder is the pre-
domingnt reaction. Normelly antimony or bismuth displaces copper from the
copper solution. Perley(30) has shown that traces of copper in indusirial
water can be detected by an antimony electrode. However, if the solution

is satursted with vismuth and if copper is in the powdered form, it is
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concelivaeble that the reverse reaction, namely, the displacement of big~
muth by copper, mey teke place, especially if we recall +that the standard
potentials of bismuth end copper are not far away from each other. The
metallic bismuth so precipitated mey also drift away from the vieinity of
ancdes , if there is insufficient amount of cuprous chloride to carry it
down into the anode slime. The presence of the metellic bismuth in "float"
slime is evidently more harmful in contaminating the copper deposit. Thus
that the two branches of the curve in Figure V are not symmetrical and that
‘the branch at lower chloride councentrations is higher than that gt higher
chloride concentrations are explained.

Of course, actual copper-refining electrolyte is not saturated with
bismuth, but the above principles still epply. Peculisr to each refinery,
there is one mimimum bismuth content in the copper deposit, corresponding
to the gquantity of anpde slime anﬁ the concentration of bismuth in electro-
lyte. Proper management of the chloride concentration will carry down most,
if not all, of bismuth from anodes into anode slime and will not materially
increase the concentration of bismuth in the electrolyte if the content of
bismuth in the anodes is not too great.

Conclusion

Up to about 15 mg./L, chloride decreases the tendency for the co-
deposition of bismuth with copper. This beneficizl effsct is greatest at
the critical chloride concentration. Above the critical concentration this
beneficial effect still exists but is less effectives A working hypothesis

is proposed to explain these phenomens.
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Part VII

CONCLUSIONS

The small amounts of chloride purposely added in copper-refining
electrolyte have the beneficial effects of minimizing the codeposition of
bismuth with copper and refining the crystel size of the copper deposit.
while the latter effect is overshadowed by the presence of glue or other
addition agent in ordinary copper-refining electrolyte, the former effect is
of paramount imporitance in copper-refining. From vhe shape of the curves of-
many properties against the chloride concenitrastion in electrolyte, it is
concluded that the precipitation of cuprous chloride is the key mechanism.
Thus the precipitation of cuprous chloride, which will carry down bismuth
with it, together with the well-known precipitation of silver chloride, are

the chief functions of chloride in copper-refining electrolyte.
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