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Synopsis

Equilibria between liquid copper and CO-CO. gas mixtures, and effects of sul-
phur and tin on the equilibria were investigated. In result we could confirm:
activity coefficients of dissolved oxygen in liquid copper are considerably diminished
by oxygen itself and by sulphur. Tin has also the same but very slight effect.

Introduction

The activities of oxygen and sulphur are two of the most important thermody-
namic quantities to explain copper smelting reactions. There have been published
many investigations in regard to the chemical behaviors of sulphur in liquid copper,
but no remarkable differences among their results. As for oxygen, there is, so far
as we know, little literature, and there are so great discrepancies that the expla-
nation can not be sought only in experimental errors.

In general, the obvious method for determining the activity of component in
solution is to measure its vapor pressure and compare it with that of standard
state. But this method can not be applied for oxygen in liquid copper by reason
that partial pressure of oxygen is not high enough to measure when its concen-
tration is low. Thus, the activity of oxygen has been determined by studies of
chemical equilibrium between liquid copper and CO-CO. gas mixtures.

Present works are divided into three parts as follows:

Part I: Study of equilibrium between liquid copper and CO-CO: gas mixtures.

Part II: Study of equilibria between liquid copper and CO-C0.-SO. gas mix-
tures. Such equilibrium reactions are very closely connected with the copper smelt-
ing process. It is furthermore interesting to compare these equilibrium relations
with a number of data on the solubilities of sulphur dioxide in liquid copper.

Part III: Study of equilibrium between liquid copper containing tin and CO-CO.
gas mixtures.

PART I. STUDY OF EQUILIBRIUM BETWEEN
LIQUID COPPER AND CO-CO, GAS MIXTURES

The equilibrium between liquid copper and CO-CO: gas mixtures was studied
by Giradi and Siebert! but with uncertain results in respect to the activity coef-
ficient of dissolved oxygen in liquid copper. Allen and Hewitt? investigated the
equilibrium between liquid copper and H.-H.O gas mixtures up to the high oxygen
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content. Their results may be considered to be unreliable for the value of equi-
librium constant obtained.

The purpose of this work is to study the equilibrium relation between liquid
copper and CO-CO. gas mixtures as well as the activity coefficient of oxygen dis-
solved in liquid copper.

Experiment

The method of attack was to melt pure copper, usually with an initial charge
of copper-oxygen alloy, in alumina crucibles under a circulating atmosphere of CO
and CO. in the reaction system, and hold it at a desired temperature until the equi-
librium was established. The experimental melts were sampled and subsequently
analysed for oxygen. The Pgo,/Pco ratio of the equilibrium gas mixtures was
determined by gas analyses. The equilibrium ratio for the reaction,

O(in— Cu) +CO = CO, (I-)

is represented as;
K = _ Pcor (I-2)

Apparatus and Procedure

Fig. I-1 is a schematic diagram of the apparatus for the equilibrium reaction.
Electrolytic copper (99.98¢% Cu) was weighed and charged, usually with an initial
percentage of oxygen in the form of cupric oxide or oxygen-master alloy prepared

by pre-melting under a nitrogen stream in alumina crucibles. The charge of 457¢g
was held in alumina crucibles (A), with alumina covers (B) so as to avoid any
spattering of bubbling melts. The charge and crucible were then placed on alumina
supports (D) at the bottom of silica tube (H). The furnace was evacuated to 10™*
mm mercury at a temperature up to 600° C. The carbon monoxide gas was pre-
pared by dripping formic acid on hot sulphuric acid and purified by bubbling through
a 30 pct aqueous solution of potassium hydroxide and dried by passing through
phosphorus pentoxide. The carbon dioxide gas was prepared by thermal decompo-
sition of magnesium carbonate at 550° C in vacuum and dried by passing through
phosphorus pentoxide.

The gas mixtures, of which Peo,/Peo ratio was controlled so as to roughly equi-
librate with an initial oxygen content in charge, were led into the reaction system.
After these procedures were ready, the current was increased and the charge was
brought quickly to the desired temperature. The gas mixtures were circulated in
the reaction system by the mercury circulation pump (N). Thus the liquid metal
was bubbled, the rate of gas flow being 100 to 150 ml per minute. Using such a
circulation method, following effects may be expected; l—uniformalizing the tem-
perature and concentration of metals. 2—accelerating the reaction between metals
and gas mixtures due to increasing of the contact area, and 3—saving the time
for the equilibrium to be quickened by both approaches of the oxygen concen-
tration in liquid metal and the oxygen potential of the gas mixtures.

At the end of experimental run, all the taps were shut, the reaction tube was
cut off from reaction system at (a-a), and the melt was then sucked up in the
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F16. I-1.  Experimental apparatus for equilibrium reaction between liquid copper and
CO-CO2 gas mixtures.

central bubbling tube (G) by turning the three way tap (K) to sampling bulb ().
As soon as the melt was sampled, the reaction tube was quenched in water. In
this way, the satisfactory samples for oxygen analyses were taken.

Preliminary runs at 1,200° C indicated that a period of 2 hrs was sufficient for
the establishment of the equilibrium from both directions of the reduction and oxi-
dation. In the equilibrium runs, the melts were held for the period of 3.5 hrs at
1,150°C, 38 hrs at 1,200°C and 2.5 hrs at 1,250° C, respectively. The temperature
of the melt was measured outside of the reaction tube with a Pi-Pt+ Rh thermo-
couple. It was checked frequently against a standard thermocouple immersed in
the melt in the same condition as the experimental runs. The furnace was held
within =2°C of the desired temperature for all runs. The temperature of most
of the runs was much closer than the deviation mentioned above.

The water vapor based on the hydrogen released from the charge was elimi-
nated by the phosphorus pentoxide tube (O). The total pressure of gas mixtures
in the reaction system was measured by the mercury manometer (L) which was
served also as a safety trap. The mercury vapor from the circulation pump was
caught by a water cooler (34).

Gas Analyses

As the equilibrium gas composition was very low in CO, for example 0.1% CO,
99.9% CO;, ‘manometric method at fixed volume’ was proved satisfactory for the
present purpose. The apparatus is shown in Fig. I-2. The gas reservoir (P) with
two taps and a ground joint was replaced to this apparatus from the reaction system
in Fig. I-1.  After the apparatus was evacuated to 10~* mm mercury, suitable quanti-
ties of gas mixtures were sampled in the bulb (A), next, liquid air baths (B), (F)
and (H) were placed around the respective traps. Then CO. in bulb (A) was con-
densed in the liquid air trap (B), uncondensable CO was oxidized to CO, with cupric
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A : Gas sampling bulb E: Bulb

B, F, H: Liquid air trap K: Two way tap
C, G: Mercury manometer P : Gas reservoir

D: Oxidizing furnace with CuO

F1G.1-2. Apparatus for gas analyses of CO-COz gas mixtures.

oxide furnace and finally condensed in the trap (F). After vaporizing, the pres-
sures of CO, in the bulb (A) and CO. in the bulb (E) were measured, respectively.
The volume of bulb (A) which comprised the spaces among taps (Ki), (Ka), (K3)

and (K,), was approximately ten times that of bulb (£) which comprised the spaces
from tap (Ks) to bulb (E), so that the accuracy of the pressure measurements of
CO were ten times higher than that of CO.. By the careful tests, it was confirmed
that the relative errors in the Poo,/Poo ratio were estimated to within +1 pct
over the entire range of gas compositions used in the present study.

Oxygen Analyses

Oxygen analyses were made by the hydrogen reduction method considerably
improved. Fig. I-3 is a schematic diagram of the apparatus. The sample in the
form of the solid rods 4 to 5 mm in diameter was thoroughly polished with an
emery paper and cleaned with ether immediately before the determination. The
sample and boat were placed in the silica reduction tube (B). Evacuating all the
apparatus, the hydrogen gas was led to the reduction system. After the liquid air
bath (E) was fitted, the sample was heated to the reduction temperature, the hydro-
gen gas was circulated with the circulation pump (F), and resulting water vapor
was condensed in the trap (E). At the end of reduction, hydrogen was separated
from condensed water by the evacuation and subsequently vaporized in bulb (H)
with the known volume. The volume of the water vapor V cc (S.T.P.) was de-
termined by the measurement of its pressure, the weight of oxygen was computed
as follows :

grams of oxygen = 0.000714 X V'

In Fig. I-3, a platinized asbestos furnace (D) was fitted with a view to mini-
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F1G. I-3. Apparatus for oxygen analyses.

mizing an absorption of the water vapor with a glass wall and moreover to com-
pleting a reducing reaction of sulphur dioxide with hydrogen in the case of oxygen
determination of the samples containing sulphur from the equilibrium melts with
CO-CO:-S0; gas mixtures. A vapor pressure thermometer with carbon dioxide (J)
was placed to measure the temperature at a petroleum ether trap where hydrogen
sulphide was separated from condensed water vapor.

In Table I-1 some results are compared by exchange of samples with various
methods. Results were reproducible to within about 0.0005 pct for very low oxygen
content and about 0.01 pct for very high content.

TaBLE I-1. Oxygen Analyses by Various Methods

Reduction Analyses (%)
Method | temperature (°C) : -
X time (min) / Sample-l | Sample-2 | Sample-3
Present work - 1,050 x50+1,150 x 50 ‘ 0.0488 0.0268 0.111
. A 1,400 <15 { 0.0485 o —_
Vacuum fusion {3 ; 1,760 15 I 0.0275 —
Al-reduction 1,100 < 60 i — | —_ 0.108

Experimental Results

Experimental runs were carried out at the temperatures of 1,155°, 1,206° and
1,256° C.  The detailed studies were made at 1,206° C in order to determine the
effect of oxygen concentration on the equilibrium constant. Several runs were



142

Kokiti Sano and Hiroshi Sakao

TABLE [-2. Summarized Equilibrium Data

Run No. | Poo,/Pco [0%1 K
1,206° C
28 26.41 0.0120 2,200
41 26.52 0.0132 2,010
40 33.28 0.0151 2,200
48 36.72 0.0178 2,060
467 43.25 0.0202 2,140
43 68.4 0.0303 2,260
457 83.8 0.0389 2,150
49 88.9 0.0403 2,210
44 108.3 0.0488 2,220
427 244 0.111 2,200
47 240 0.119 2020
50 305 0.133 2,290
29 441 0.210 2,100
51 441 0.212 2,080
67 381 0.217 1,760
31 466 0.254 1,830
52 620 0.295 2,100
32 646 0.340 1,900
68 732 0.366 2,000
69 677 0.398 1,700

667

70

R: Start from higher oxygen content.

practised at 1,155° and 1,256° C at the levels
to establish the relation hetween equilibrium
‘The equilibrium data are sum- ‘

marized in Table I-2. In this table,
the runs marked R indicate the melts
approached to equilibrium from the
higher oxygen content than the oxy-
gen potential corresponding to initial
CO-CO: gas mixtures, and the re-
maining are the melts from the lower
oxygen content. As may be seen in
the column 4 of Table I-2, the equi-
librium ratio K6 = Poo./ Poo » [0%]
is not a true constant but decreases
with increasing oxygen content.
Fig. I-4 (@) shows the relation
between the ratio Poo,/ Pco and oxy-
gen content [O%] at three temper-
atures. A magnified view of this
relation in low oxygen part is shown
in Fig. I-4 (0). From the curvature
of these lines, it is evident that the
activity of oxygen is not proportional
to its concentration. In Fig. I-4, also
are included the results of Giradi and
Siebert! and of Allen and Hewitt.®
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| 53 | 822 | 0403 = 2,040
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54 1041 | 0.649 1,600
70 1080 | 0.759 1,420
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In the study of Giradi and Siebert, the charge was melted without stirring. As
oxygen in liquid copper solution is presumably regarded as a surface active element
as well as sulphur,” it is always possible that the oxygen concentration of the sur-
face of the equilibrium melts is somewhat higher than that of inner part. From
this ground, it is expected that their results of the equilibrium ratio may be too
high.

The marked discrepancy between the result of Allen and Hewitt and the pre-
sent data is too great to be ascribed only to experimental errors and the expla-
nation must be sought in another cause.

Effect of Carbon on the Activity of Oxygen

The data on the solubility of carbon in liquid copper that has been studied by
a number of investigators, are not in considerable agreement. In the present work,
dissolved carbon in the equilibrium melts has not determined, but it is possible that
liquid copper contacted with CO-CO, gas mixtures dissolves the corresponding
amounts of carbon to its potential of gas mixtures. The amounts of dissolved
carbon may be calculated by considering thermal data together with the equilibrium
measurement.

Taking that Poo,/ Poo=10, Poo+ Poo,=1 atm, and assuming that carbon solu-
bility in liquid copper is 107* pct at 1,200° C, and further that a Cu-C solution obeys
to Raoult’s law, the amounts of dissolved carbon are roughly estimated as 10™5 pct.
This value, of course, decreases with increasing the Poo,/FPoo ratio. It is hardly
expected that such a minute amount of carbon has any effect on the activity of
oxygen in liquid copper. Nevertheless, in the study of the solubility of sulphur
dioxide in liquid copper, Floe and Chipman® found that the equilibrium relations
are considerably affected by the traces of carbon. The investigation of this problem
requires more sensitive techniques than have been available in the present work.

Thermodynamic Considerations

Determination of Equilibrium Constant and Oxygen Activity
The true equilibrium constant and oxygen activity are represented as,

Ko= 1C0 2 (I-3)
a0 =10+ [0%] (I-4)

where the symbol /0 designates the activity coefficient of oxygen in the binary Cu-O
solution, the standard state for dissolved oxygen is defined as an infinitely dilute
solution where the activity is equal to weight percentage. From the equations
(I-2), (I-3) and (I-4), the following is given;

log K6 = log Ko+ log 16 (I-5)

Fig. 1-5 shows the relation between log K, and oxygen content at three temper-
atures. The line at 1,206° C may be represented by the equation,

log K = 3.346 — 0.2105 - [0%] (1-6)

The first and second terms of the right side of this equation are equal to log Ko
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and log 5 at 1,206° C, respectively. The relation between log fo and temperature
can not be established from the present work. In general, the activity coefficient
should be a function of temperature as well as composition in non-ideal solutions.
Now assuming that logfo for a given oxygen content is proportional to a recipro-
cal of absolute temperature, the following is yielded;

(o]
10gf6 == —?9 ¢ [O %] (1’7)

where ¢8 corresponds to an interaction energy between oxygen atom pairs in liquid
copper. Combination of the equation (I-7) with the value of log/fo at 1,206° C
yields ¢3= —311.3. The column 3 of Table I-3 gives logfo at various temperatures
computed from the equation (I-7) and the value of ©8.
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TABLE I-3. Determined Values of logf{, and log Ko
at Various Temperatures

Temperature o ¢0 :
P4 log fh=22109 log Ko

(° K) 0 gfo==10%1 |
1,428 02180 - [0%T1 3.589
1,479 —311.3 —0.2105 « [0%] | 3.346
1,529 —0.2036 + [0% } 3.008

The values of log Ko at 1,155° C and 1,256° C can be determined from log K6 and
log /b at each temperature and concentration. These results are shown in the last
column of Table I-3. The broken line in Fig. I-6 shows the crude relation between
log Ko and a reciprocal of absolute temperature which is expressed by the follow-
ing equation;
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10,600
T

log Ko = —3.830 (1-8)

As the value of log Ko at 1,206° C is more reliable than the others, it is preferable
to adjust the equation (I-8) so as to conform to the value at 1,206° C, thus result-
ing equation is as follows:

log Ko =

10,600
A 3.820 (I-9)
The solid line in Fig. I-6 corresponds to the equation (I-9).

Also are included the results of Giradi and Siebert and of Allen and Hewitt.
The former is given by apparent equilibrium constant, since their study has been
made only in the limited range of low oxygen content and the true equilibrium
constant can not be determined. The latter shows the equilibrium value converted
from their data based on the equilibrium with H,-H.O gas mixtures. The present
data seem to be between both results.

If the results by Allen and Hewitt are reliable, it must be considered that the
discrepancy between both results may be due to the difference between both effects
of hydrogen and carbon on the activity of oxygen in liquid copper. Their results,
however, seem to be too low, considering the calculated value of partial pressure
of oxygen on the liquid copper saturated with oxygen and considering the results
of the statistical thermodynamical analyses on their equilibrium data by Yagihashi®
The more accurate investigations on this problem are needed in view of the eluci-
dation of the effect of carbon on the activity of oxygen.

From above mentioned results, the following equilibrium relations are sum-
marized :

10,600 3113 |

log Kb = g 3.820 — 7 [0%] (1-10)
log ao = log[O %]~ ﬂ%_g -[O% (I-11)
logsb = — 22 +[05] (112)
70
The curves in Fig. I-4 which repre-
sents the experimental values at three 09
temperatures have been drawn by using % 28
the equation (I-10). As shown in Fig. I.7, :i‘: ' N
the equation (I-12) gives the relation Sar 00‘6(, o
between the activity and concentration > 82
of oxygen at three temperatures. 06 ]
. . . h 05 \\
Estimation of Partial Pressure of
Oxygen on Liquid Copper Saturated with o4
0 ¢z 04 g5 08 10 12 14

Oxygen (0%
The partial pressure of oxygen on F1G. I-7. Relation between activity

the l?ql.lid copper can be estima'ted by coefficient and concentration of oxygen
combining the equation (I-10) with the in liquid copper.
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thermal data. The equilibrium constant for the dissociation of carbon dioxide, i.e.,
CO»,=CO+1/20s, is calculated by the following equation ;%

log K = — 44220 1 4403 (1-13)
Combination of the equations (I-10) and (I-13) yields the following;

Otinl~Cu) = 4 0,,

Py} 3,950 - 311.3
logray = = Sy +0584— S [0%] (I-14)

TABLE I-4. Partial Pressure of Oxygen on Liquid
Copper Saturated with Oxygen

Temperature Solubility of oxygen Po,
(°K) ; (%) (atm)
1,423 1.06 1.59 1073
1,473 1.50 3.28 1075
1,523 1.6 5.45x 1075

Assuming that the equation (I-14) is

1250°C 7200°C 1150°¢

available up to the solubility limit of (i 0D=20 0450 (“20(5)=2@,(z)+%09
oxygen;-and-using-the-solubility—-data—of e S

the equilibrium diagram by Hansen,” the Ny e
partial pressures of oxygen on the liquid 050 \:\:;j -
copper saturated with oxygen are esti- ey N \‘O\\
mated as shown in Table I-4. Fig. 1.8 500 TR =
shows the comparison of these values & ’ ‘\\\\\
with those of literature. The curve of s | ~
Roberts and Smyth® is based on the ex- v ™~ 1 S22y
perimental results. The value of Allen 400 1 I~

and Hewitt, which is far lower than the e g;fgi;f:y’{’;l e

others, has been calculated from the pspl—— Lange -
equilibrium data of Cu-H»H.0 system. - fé“;l‘élye ! T~
The curves of Lange,® Ruddle!® and ro0l=" Aller, Hewt? |

Kelley' are drawn respectively by using 65 66 67 68 65 10 71 72
their equilibrium relations which have /T x 10t

F16. [-8. Relation between log Po, and

been calculated from thermal data. Ac- reciprocal of absolute temperature.

cordingly the dissociation pressures have
been computed from the following equation by assuming that @c. = Nci, @owo =1

2Cu0 =4 Cu+ 0,

The partial pressure of the present work can not be accepted with a high
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reliability because of the far extrapolation to solubility limit and of the uncertainty
of the solubility limit data. Nevertheless, the present data seem not to be far from
the data of the literature.

PART II. STUDY OF EQUILIBRIA BETWEEN LIQUID
COPPER AND CO-CO,-SO, GAS MIXTURES

As previously stated, it was found that the solution of oxygen in liquid copper
is non-ideal, but negative for Henry’s law. Furthermore, it is significant and inter-
esting in view of the underestanding of the fundamental copper smelting reactions
to establish the activities of oxygen and sulphur in ternary Cu-O-S solution. Ac-
cording to several experimental results’®'® on the equilibrium between liquid
copper and H.-H.S gas mixtures, the solution of sulphur in copper is generally
admitted as ideal. In the recent investigation by Yagihashi® however, it was
shown that this solution represents considerably negative deviation from Henry's
law.

A number of investigations on the equilibrium between liquid copper and
sulphur dioxide, for example those by Floe and Chipman® and by Johannsen and
Kuxmann,'™ reached the general conclusion that the solubility of sulphur dioxide
in liguid copper is out of proportion to a cube root of its pressure, namely, Sievert’s
law is not maintained between the both. From these results, it is to be expected
that the solution of oxygen and sulphur in liquid copper may be non-ideal.

The purpose of the present work was to study the equilibria represented by
the following relations;

O(in!—Cu—98) +CO = CO,,
Prg,

Ko = po 1057 (1)
S(in/~Cu~0)+2C0:;=80:+2CO,
, PSQQ ? P:{o
Kq = CR S 11'2
T Plo, 0 [S% r-2)
S(in/—Cu) +20(in! - Cu) = S0O,,
Khos =~ 150 (11-3)

[8%] - [0 T

Experiment

The method of attack was essentially the same as that previously described.
The copper melts containing sulphur held in alumina crucibles were equilibrated
with CO-CO,-50; gas mixtures at the desired temperature. The equilibrium melts
were sampled and subsequently analysed for oxygen and sulphur. The compositions
of the equilibrium gas mixtures were determined by gas analyses.

Possibility of Side Reaction in Equilibyium between Liquid Copper and CO-COs-SO;,
Gas Mixtures

When the gas mixtures consisted of CO, CO. and SO, is passed through the
liquid metal or the reaction tube, the other species of gases may be formed by the
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TABLE II-1. Limit of Formation of SOs, SO, Sz, COS, CS:

PSO:;»
Product Reaction Pio,/Pco=10
1,200°C § 800° C
SOs S0:+C02=503+CO 2x10-8 6x107°
SO SO0:+CO=S0+CO:2 3x10"2 3x10~2
Se S0:+2C0O=1/3 S2+2CO02 6x10"1 x Pgo, 105 x Pso,
COoSs S02-+3CO0=C0S+2CO:2 2x10"2 102
CSe 280:4+6CO=CS2+5CO02 4 %1075 % Pgo, 10% x Pso,
CS S024-4CO=CS+3C02 10-20 4x10-2%
H
|
Ccos 1/3 S2--CO=COS 2x1072/~/Ps, 4x1071/~/Ps,
COS CS:+C02=2CO0S 3/~ Pos, 4/~ Pes,

side reaction. If any side reaction occurs, the equilibrium relations under consider-
ations do not hold good, hence it is necessary to check its possibility. In the case
of the existence of CO, CO, and SO, the formation of SO;, SO, S., COS, CS and
CS. must be considered. Using the available thermal data, the limits of the for-
mation of these gases can be estimated as shown in Table II-1. Under the experi-
mental conditions, i.e., temperature 1,200° C, Pco,/Peo =10~100, Pso, = 0.01 atm and
total pressure =1 atm, the extent of the formation of every gas is less than 1/100
of SO, or CO, and consequently considered to be neglegible in practice. As the
temperature falls, however, the quantities of S,, COS and CS; should be considered:
Thus the composition of gas mixtures measured in a cold part comes to be quite
different from that of true equilibrium at the reaction temperature.

The comparison of stabilities among S, COS and CS, is also shown in the
lower part of Table II-1. In the experimental conditions that Pso, is less than 0.01
atm, both Fs, and Pes, are naturally less than 0.01 atm. From the table, it is
therefore expected that the greater part of S, and CS, will be turned into COS with
decreasing temperature. Thus, if the side reaction may occur, it will do in the
part of lower temperature than that of melt, and resulting gas may be practically
COS. Accordingly, it is necessary to check at least the formation of COS in each
run of experiments, supposing that the side reaction may not proceed as calculated.

Charge

Suitable quantities of pure copper and sulphur-master alloy were weighed, and
placed in alumina crucibles. Sometimes it was convenient to add oxygen-master
alloy to usual charges. Sulphur-master alloy was prepared by pre-melting of pure
copper with cuprous sulphide in alumina crucibles under a nitrogen stream and
subsequently sampled in silica tubes 4 mm ID.

Equilibrium Measurements

In order to avoid any side reaction, sectional area of the gas passage from
melt to cold part was sufficiently reduced so as to maintain the rapid flow of the
equilibrium gas mixtures. Fig. II-1 shows three types of the reaction part. Appa-
ratus in Fig. II-1 (@), resembling to an original type, was unsuitable for a sampling
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or CS by Reaction of SOz with CO-CO: Gas Mixtures

Pso, Ps,, Poos, Pcs, or Pos/Pso,; total press=1 atm

1 Pco,/Puo=100

400° C B 1,200° C 800° C % 400° C
3x10-H | 2x1078 6x1078 3x1013
2x1072 | 3x1073 3x10"3 2x10"3
23510% x Pso, 6x1075x Pgo, 10 x Pso, 2102 x Pso,
3x1010 2x10~5 101 3x107
3x 1019 x Pgo, . 4x1071x Pgp, 1073 x Pso, 3x 10 x Pgo,
2x10% 10—24 4x10-% 2x107%2

Pgos/Ps, or Poos/Pes,

2x102/~/Psg, 2x1078/~/ P, 4x10~2/~/Ps, 2x10/~/Pg,
6/~'Pos, 3/~/Pes, 4/~/Pgs, 6/~Pos,
a s
|
- “ (s
| |
a «_D a
\==——Haler
H ]
I
7
B —nll]
4 —it
é"’ pu—
D
(a)
A: Alumina crucible I : Gas outlet tube
B : Alumina cover J : Sampling bulb
C : Liquid copper K : Silica tube
D: Alumina support L : Liquid copper
G 1 Gas bubbling tube M: Silica vessel
H: Silica reaction tube

F1G. II-1. Apparatus of reaction part.

of equilibrium melts containing both oxygen and sulphur because they released
sulphur dioxide from melts in a period of solidification. Then the reaction part
in Fig. II-1 () or (¢) was generally used. Connecting these parts with circulation
system in Fig. I-1 at (a@-a), the equilibrium reaction was carried out in the same
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manner as previously described. After the attainment of equilibrium, two taps
were shut, glass tubing was cut off at (e-a), reaction part was then removed from
furnace and immediately quenched in water. Thus the samples obtained were
suitable for oxygen analyses. Preliminary tests at 1,200° C indicated that a period
of 3 hrs was sufficient for the establishment of the equilibrium from both higher
and lower oxygen content. In the equilibrium runs, the melts were held for 4 to
6 hrs at 1,200° C.

Gas Analyses

Equilibrium gas mixtures must be analysed for COS other than CO, CO: and
S0,. As the vapor pressure of COS'™ is a magnitude of 10~* mm mercury at the
temperature of liquid air, COS as well as CO. and SO., being evacuated to a vacu-
um of the order 10~ mm mercury at this temperature, are to be separated from
uncondensable CO. The separation of COS from SO. can be made by the differ-
ential method mentioned by Treadwell®™ as follows: while iodine in neutral solu-
tions oxidizes only SO., bromine in alkaline solutions oxidizes both SO: and COS.
Thus, the procedure of gas analyses is summarized in Fig. II-2.

Gas mixtures

| evacuating 1073 mm
- through liquid air bath

v

o .
co €Oz, S0O,, COS
ioxidizing by condensed in
 Cul furnace liquid air trap,
COs ) o vaporizing,
== pressure measurement
l condensed in I for fixed volume
liquid air trap, Py=C02+S0:++COS ————
vaporizing, |
1 pressure measurement i
for fixed volume | oxidizing with } oxidizing with
P,=CO i Todine solution | Bromine solution
H2504 HaSO4 —P2—P4=CO:
\ b
BaS04 BaSO4
1 i
Py=S0: Pi=502+COS —————

FiG 1I-2. Flow sheet of gas analyses.

The apparatus for gas analyses is shown in Fig. II-3. Evacuating all the appa-
ratus, suitable quantities of gas mixtures were introduced in the sampling bulb (4)
from gas reservoir (P). Liquid air baths (B), (H) and (F) were placed respec-
tively around the traps. While COs, SO. and COS were condensed in the trap (B),
uncondensable CO was pumped through (Ki), (K:), (K, (K), oxidizing furnace
(D) and (Ks), and finally condensed in the trap (F) as CO.. Next, vaporizing
each gas in the bulb (A) and (E), respectively, the pressure in the bulb (E) was
measured by the mercury manometer (G) for a fixed volume, and converted to a
corresponding value P; for the buld (A). Then, the pressure P. in the bulb (A)
was also measured by the manometer (C). Next, the gas mixture in the bulb (A)
were drawn through (X), (K:), (Ki), (Kw) and condensed in the liquid air trap
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A: Gas sampling bulb E: Bulb

B, F, H, J: Liquid air trap I : Absorption tube

C, G: Mercury manometer K: Tap

D : Oxidizing furnace with P : Gas reservoir
CuO

F1G. II-3. Apparatus for gas analyses of CO-C02-S02(-COS)
gas mixtures.

(J). After vaporizing, the gases were passed with a nitrogen stream from three-
way tap (Kp) through three absorption tubes (J) which contained iodine solutions
at first. Thus, SO, in gas mixtures was oxidized to sulphuric acid in absorption
tubes and subsequently the pressure P; corresponding to the bulb (A) was deter-
mined. Secondary, the same quantities of gas mixtures as foregoing analyses were
sampled in the bulb (A), P, and P, were determined in the same manner as men-
tioned above, then both COS and SO. were oxidized with bromine solutions and
corresponding value P, was determined.

Now, let P be the total pressure which was measured in the equilibrium reac-
tion, and the partial pressures of CO, CO. SO, and COS are determined respec-
tively as follows:

B P, = Po— By

Foo = P+ P, £ R N b
NI SN e L1 P

PSO: P1+P3 P: PLOS" P A P

Furthermore, additional experiments were made for some gas mixtures which
were low in CO and high in SO.. Suitable amounts of these gases were sampled
in the bulb (A), and then passed through (XKy), (K3), (K)), (Kw), (Ku) and the
absorption tubes (7) with bromine solutions by passing nitrogen stream from the
vacuum side of the manometer (C). Thus P, was determined. The difference
between P, determined by such a procedure without liquid air baths and that by
usual procedure, was found to be within experimental errors. It was therefore
accepted that COS was fully condensed in the liquid air trap under the experimental
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conditions used, and that presumably uncondensable SO had no existence in equi-
librium gas mixtures.

Analyses of Oxygen and Sulphuy

Oxygen analyses were made in the same principle as previously described. In
the present case, however, not only water vapor but also hydrogen sulphide were
formed by hydrogen reduction and both were condensed in the liquid air trap.
The separation of hydrogen sulphide from water was carried out by replacing the
liquid air bath to the petroleum ether bath —105°C and subsequently evacuating
hydrogen sulphide. While this procedure was confirmed to be sufficient for the
quantitative separation by the preliminaly test, there was no comparison of analyti-
cal value with that of the vacuum fusion method which had some difficulties for
oxygen analyses of the sample containing sulphur.

Sulphur in copper were determined by usual gravimetric method.

Experimental Results

Experimental runs were carried out only at 1,206° C. The equilibrium data are
summarized in Table II-2. In this table, the runs marked R indicate the melts

TABLE II-2. Summarized Equilibrium Data at 1,206° C

} 2 | |
Run No. | Poos/Peo | T50:X10° 1 roo) | (sl | K  Kix100 | Kl g
(atm) | |

4 51.3 0.996 00259 | 0271 | 1,98 1.40 548
5 0.0 1.199 0.0259 | 0.314 1,930 1.53 U569
6 60.2 2.301 0.0336 | 0485 | 1790 131 42,0
16 91.2 0712 0.0422 | 0054 | 2160 159 74.0
17 843 0,594 00388 | 0054 | 2170 155 73.1
18 91.3 1.052 0.0427 | 0075 | 2,140 1.68 77.0
24 4450 0.637 00210 | 0173 | 2120 186 835
27 546 0.169 00238 | 0020 | 2290 196 1030
28 47,02 0.111 00224 | 0034 | 2100 148 64.9
29 68.1 0.436 00334 | 0043 | 2040 219 90.8
30 59.3 0573 00276 | 0078 | 2,150 2.09 96.5
31 776 1.027 00369 | 0075 | 2100 2.27 1006
32 643 1204 | 00315 | 0158 | 2040 184 76.8
36 32.32 0273 00160 | 0096 | 2020 272 1110
41 4372 0.829 00252 | 0358 | 1740 121 36.5
42 28.31 0.285 00141 | 0155 | 2,010 2.30 92.5
438 506 0.902 0.0253 | 0268 | 2,000 132 52.6
447 75.4 1217 0.0366 | 0149 | 2060 144 61.0
46 15.91 0317 0.0087 | 0657 | 1830 191 63.8
47 13.68 0.208 00001 | 1141 | 1500 0.08 22.0
18 25.25 0.335 00121 | 0301 | 2,000 175 76.0
50 45.09 1471 0.0275 | 0617 | 1640 117 315
51 15.67 0.335 00098 | 0780 | 1600 175 447
53 52.2 3015 00301 | 0614 | 1730 180 542
54 53.7 2,137 00273 | 0409 | 1970 181 701
55 73.8 2585 00357 | 0235 | 2,070 2.02 86.3
57 17.07 0.349 00112 | 0850 | 1520 = 141 32.7
10% 35.36 1223 - 0.761 R -
25% 2153 0.486 . 0.942 — in —
34 4715 3124 — 1.051 — 134 -

R: Start from higher oxygen content.
*: Unsuitable sample for oxygen analyses.
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approached to equilibrium from higher oxygen content, and the remaining are the
melts from the lower oxygen content. The runs with asterisk were analysed only
for sulphur because samples taken were unsuitable for oxygen analyses. The sul-
phur analyses of these runs seem to be somewhat reliable by reason that sulphur
content is extremely higher than oxygen and consequently there are no appreciable
losses of sulphur due to release of sulphur dioxide.

In all runs, it was confirmed by the differential gas analyses that there was
no existence of COS under the experimental conditions used in this investigation.

As may be shown in the columm 6 of Table II-2, the equilibrium ratio K4 for
the reaction (II-1) is not a true constant. From Fig. 1I-4 which shows the relation
between Ky and sulphur content, it may be seen that XY decreases with increasing
sulphur. Though K¢ is, of course, affected by oxygen content as shown previously,
the marked decline of the curve may
be considered to be mainly due to

. Jchum::mn,—/" T T T
influences of sulphur. 4 Hales 7 o
12 g S
) o/ 6’//0
Y -
2400 - —— 3 10 ey o
: o From lower I(M)} Jr Sudo— ,/’;Kzgihashz‘
2200 © [from higher (0%) | ‘QE 3 :// -
OOO § 00 B A
20001=2 s 6
) S \‘[ ~
< B A
7600 e & 4
o . oj
7600 N 2
° © g g { i
7400 i | |
4 0z 0k 06 08 10 12 0 ¢z 44 06 8 10 12 14
(S %) (§%] }
FiG. 1I-4. Relation between K4 F1G. 1I-5.  Relation between Pj -
and sulphur content at 1,206° C. Ps0,/Pg, and sulphur content at 1,206° C.

From the columm 7 of the table, it may be seen that equilibrium ratio K% for
the reaction (II-2) is not a constant. Fig. II-5 shows the plot of the ratio
Po * Pso,/ Pio,, corresponding to the activity of sulphur in liquid copper, against
sulphur content. Though the scattering of the points is large above 0.6 pct sulphur,
it will be seen that the solution of sulphur in liquid copper is non-ideal but nega-
tive for Henry’s law. The equilibrium S(inl~Cu) + Hy = H.S was investigated by
many investigators. The equilibrium gas ratio Pu,s/Pq, can be converted to the
present equilibrium gas ratio P, © Pso,/ Pio, by using the available thermal data.
In Fig. II-5, also are shown the results converted from the equilibrium data by
Sudo® and by Yagihashi® at 1,200°C. It is shown that three sets of plots are
in good agreement within the range of 0.4 pct sulphur. For liquid copper in equi-
librium with liquid cuprous sulphide, Schumann and Moles!® have found Pn,s/Pn,
ratio equal to 4.2 x 10-? at 1,200° C. Accordingly to Fig. II-5, this should correspond
to a maximum solubility of about 1.3 pct sulphur in liquid copper.

It must be noted that the comparison of the results based on the equilibrium
data of Cu-He-H.S system with the present data partly influenced by oxygen is not
valid for detailed considerations.
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Thermodynamic Considerations

The equilibrium relations for the reactions (II-1), (I1-2) and (II-3) can be deter-
mined from the data in Table TI-2 in the same manner as previously described.

0+ CO =CO, Equilibrium
The equilibrium constant and oxygen activity for this reaction may be repre-
sented as follows:

— ,,,_—‘13992«w A
Ko= Foo + ao (IT-4)
ao=/b"1o° [0%] (I1-5)

where the symbol fb represents the activity coeflicient of oxygen in binary Cu-O
solution and the symbol /9 represents the ratio of the actual activity coefficient
in ternary Cu-O-S solution to 76 in binary solution. The standard state for oxygen
is defined as an infinitely dilute solution, where activity is equal to weight per-
centage.

Combination of the equations (II-1), (II-4) and (II-5) gives the following;

log KU — log fb = log Ko + log /o (11-6)
From the equation (II-6), (I-12) which repre- 340
sents logsb, and the values of K4 in the e
column 6 of Table II-2, the plot of log K¢ 335
—log fb against sulphur content is given as Floo

shown in Fig. II-6. Extrapolated value of
log K4 —log fo at zero sulphur content re-
presents the constant log Ko and the slope

105 ][gl

\ °
325

N °©
corresponds to the value of log f8/[S%J. Ac- i z\
cordingly, these values at 1,206°C are as < 320 E
follows : ° o
315
log Ko = 3345, logfé= —0.1640 - [S% 0 oz ok 0§ 08 10 2

(S %)

There is a fairly good n n thi Fi1G. 1I-6. Relation between
ve agreement betwee S log K —logfs and sulphur con-

value of log'Ko and that from the equation tent at 1,206° C.
(1-9), ie., log Ko =3.346; it is quite possible,
therefore, that the log Ko-temperature relation for the reaction (II-1) is represented
by the equation (I-9).

Next, assuming that logf6 for a given sulphur content is proportional to a
reciprocal of absolute temperature, the following equation may be obtained;

ogs® = — 228 . 152 (11-7)

Proper combinations among the equations (II-5), (II-6), (II-7), (I-9) and (I-13)
yield the following equations :
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log K = 10800 _ 500 313 . rooy - 2220 sy (11-8)
log a =log [0%]— *12 - [0s1— #20 . [s00] (I19)

S+2C0:=80:+2CO Equilibrium

The equilibrium constant and activity of sulphur for this reaction may be re-
presented as follows:

Ky = R’,?z'&(’, (I1-10)
Poo, * as
as=f5- /8 [S% (I-11)

where /% represents the activity coefficient of sulphur in binary Cu-S solution.
Interaction coefficient 7§ which represents the effect of oxygen on the activity
coefficient of sulphur, can be calculated from the equation (II-7) by using a relation
derived by Wagner,® which in this instance takes the form:

olog/fs _ 32  (_ 2426 )
5[0%] ~ 16 (255 (11-12)
which on integration gives,
log /2 =log /s — log /b = — *22 . [0%7 (T-13)

where fs represents the actual activity coefficient of sulphur in ternary Cu-O-S
solution.

From each value of log K% and log /§ in experimental data, the plot of the
value log K§ — log /§ = log K¢+ log /4 and sulphur content can be made as shown
in Fig. II-7. Though the scattering of the points is large by reason that the ex-
perimental methods used in the present study are not suited for purpose of the
determining sulphur activity, it will be seen that there is the downward tendency
of the curve with increasing sulphur content. Assuming the curve to be linear,
log K and log f§ at 1,206° C may be determined as follows:

log Ks = — 4709,  logfh= —0.1904 - [S%]

The result by Yagihashi’® is also shown in Fig. II-7. There is good agreement
between both results. Assuming log / for a given sulphur content to be propor-
tional to 1/7, the following is derived,

log f§ = ~— 333,};6 - [S%] (11-14)

The log Kg-temperature relation for the reaction (II-2) can not be established
directly from the present results, but it may be calculated by considering other
equilibrium data together with the present data. The equilibrium S(in/-Cu)-+H.
=H.S has been investigated by Umezu,”® by Sudo,” by Hirakoso and Tanaka
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FiG. II-7. Relation between F1G. 1I-8. Relation between log K
log Ki—logfQ and sulphur content and reciprocal of absolute temperature,
at 1,206° C. S(inI~Cu)=1/2S:(g); K=P§*/as.

and by Yagihashi,® respectively. In Fig. II-8, the plots of log K =log (P¥/a )
against 1/7T are summarized, and an open circle shows the result calculated from
log Ky = — 4.709 and equilibrium data for the reactions, 1/2S:(g) + O, = S0.*" and
CO+1/20,=C0,% As may be seen in Fig. II-8, there are some discrepancies
among these results. Here, adopting the temperature function of log K of Yagihashi
by reason that there is a good agreement between values of logf§ and log K by
authors and by Yagihashi, and furthermore adjusting this relation so as to conform
to the value of log K of the present work, the following equation results ;

S(in/~Cu) = »%Sz(g),

1/2
2o 5430 L gg5 (II-15)
3 T

1ogK=log~a

The broken line in Fig. II-8 is drawn by using the equation (II-15). Combining
the equation (II-15) with thermal data for sulphur dioxide and carbon dioxide, the
following equation is derived ;

log Ks = _,‘1*51:5570‘0‘ +5.839 (11-16)

Proper combinations among the equation (II-2), (II-10), (II-11), (II-13), (II-14)
and (II-16) yield the following, which represent the equilibrium relation between
sulphur in liquid copper and CO-CO;-SO, gas mixtures, and the sulphur activity:

log K= — 29000 | 5aaq 4892 rgoq 2816 g (IL17)
T T T
log as = log [S%1~ 452 . 07— 28 . [543 (11-18)

S+20=50; Equilibrium

The log Ko-s-temperature relation is derived by combination of the equation
(I-9) and (II-16) as follows:
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log Ko_s = 2log Ko+ log Ks = §%99 1.801 (I1-19)

Introduction of the activities of oxygen and sulphur in ternary Cu-O-S solution into
the equation (1I-19) yields the following;

5,600

log Kb-s = 2500 —1.801 - LT . ro%31- T2 . 15%] (11-20)

In the absorption equilibrium of sulphur dioxide in pure liquid copper, as [0%] is
equal to [S%7], the following is derived;

log Kl_s = 5’290 ~ 1800~ 288 L pos; or 8503 (11-21)

The equation (II-20) or (II-21) is empirical that derived from equilibrium data
in the range, Pgo, < 0.03 atm, [0%]=0.01-0.04% and [5% 1= 0.03-1.1%; and it must
be noted that equilibrium measurements have been made in the presence of CO-CO.
gas mixtures. )

It is interesting to compare these equations with other results which have been
measured by a number of investigators. The relation between log K¢-s and oxygen
or sulphur content at 1,200° C is shown in Fig. II-9, in which the results of Floe
and Chipman®? and of Johannsen and Kuxmann'® are included. As shown in
Fig. 1I-9, the equation (II-21) agrees at low concentration with the result based
on very recent experimental data of Johannsen and Kuxmann and agrees at high
concentration with the later revised data of Floe and Chipman® The latter con-
sidered that the abnormality of earlier data® at low concentration was due to the
effect of the traces of carbon remained in liquid copper, and re-examined® similar
equilibrium by using thoroughly decarburized copper It is uncertain at this stage
whether the discrepancy at low concen-
tration between the equation (II-21) &
and later data of Floe and Chipman is 08 9
due to the effect of carbon or not. ’

~ Presenl work, fg (I-20)
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Fi1G. 11-9. Relation between log Kl g F1G. 11-10. -Equilibrium relation between

and oxygen or sulphur content. oxygen and sulphur in liquid copper at 1,150° C.
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The equilibrium relation between oxygen and sulphur in liquid copper at 1,150° C
is shown in Fig. II-10, in which the data of Johannsen and Kuxmann are also included.
As may be seen in Fig. II-10, there is a fairly good agreement at low sulphur con-
tent. Some discrepancy above 0.4 pct sulphur at 1 atm sulphur dioxide is presuma-
bly ascribed to an uncertainty in the sulphur activity measurements at high concen-
tration in the present work.

PART III. STUDY OF EQUILIBRIUM BETWEEN LIQUID
COPPER CONTAINING TIN AND CO-CO, GAS MIXTURES

Although tin is one of the most important alloying elements in copper, there
is, so far as we know, little literature to refer about the effect of tin on the chemi-
cal behaviors of oxygen in liquid copper. The purpose of this work is to study
the equilibrium repersented the following reaction;

O(in7—8n) + CO = CO,,

o POOz .
K6 = 5= 6% (II-1)

and furthermore to determine the activity of oxygen in ternary Cu-O-Sn solution.

Experiment

The experimental apparatus and procedure were the same as described in Part
I. The Cu-Sn melts held in alumina crucibles, were equilibrated with CO-CO. gas

mixtures circulated in the reaction system. After the attainment of equilibrium,
the melts were sucked up in silica bubbling tubes and equilibrium gas mixtures
were sampled in the gas reservoir, subsequently metals were analysed for oxygen
and tin, and the ratio Pco,/Pco were determined.

The charges consisted of pure electrolytic copper and tin-master alloy which
had been pre-melted in alumina crucibles, sometimes, suitable amounts of cupric
oxide were added to charges. It was confirmed by equilibrium runs from both
higher and lower oxygen contents that a reaction period of 4 hrs was sufficient to
establish the equilibrium. The reactions were carried out at the temperatures
1,155° C and 1,206° C, and in the range up to 10 pct tin, but the reaction at 1,250° C
was omitted because of marked vaporization of tin. The gas mixtures were ana-
lysed in quite the same manner as described in part 1. The oxygen analyses were
made by the hydrogen reduction method as previously described, sometimes their
results were checked by the vacuum fusion method. Tin in copper was determined
by usual chemical analyses.

Experimental Results

Equilibrium data are summarized in Table III-1. The runs marked R represent
the melts from higher oxygen content in initial charges, and the remaining are
the melts from lower content. The runs marked S indicate the melts in the pre-
sence of oxide phases, where the equilibrium compositions of gas mixtures have
constant values for given tin contents. Fig. III-1 shows the effect of tin on the
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TABLE 11I-1. Summarized Equilibrium Data
T m i
Run No. |  Poo,/Poo | [0% (Sn%1 | Ky
1,155° C
1078 ' 167.2 | 0.0406 1.97 4,120
108 135.3 0.0391 1.94 3,460
109 95.1 0.0260 4,94 3,660
1108 65.7 0.0193 9.35 3,400
1118 67.3 0.0204 9.35 3,300
112% 105.0 0.0271 5,04 3,870
1138 67.2 0.0190 9.83 3,540
114 230.7 0.0562 0.24 4,100
116 35.36 0.0088 5.27 4,020
117 32.73 0.0095 9.94 3,450
118 47.05 0.0114 5.04 4,130
134% 71.8 0.0196 | 7.63 3,660
1357 78.5 0.0229 j 5.09 3,430
1,206° C

101 70.1 0.0327 1.97 2,140
102 56.1 0.0248 4.98 2,260
103 59.6 0.0284 9.98 2,100
104 116.9 0.0494 2.14 2,370
105 47.19 0.0244 5.05 1,930
120 52.1 0.0272 717 1,920
1218 107.7 0.0531 4.62 2,030
122 175.3 0.0845 1.61 2,070
1238 81.1 0.0406 6.90 2,000
1248 197.9 0.0956 1.41 2,070
1258 111.2 0.0521 4,22 2,130
12658 85.3 ! 0.0420 6.95 2,030
1278 83.2 0.0402 6.78 2,070
12838 109.5 0.0532 4.16 2,060
1299 ! 188.7 0.0869 1.51 2,170
13178 | 87.0 0.0391 6.19 2,220
1327 77.6 0.0418 7.16 1,860
133R 99.7 0.0540 4.75 1,850

R: Start from higher oxygen content. - . )

S : Melt of oxygen saturation.

. . 200 / o/
relation of the ratio Pgo,/Poo and oxygen ,’ 74
content at 1,155° C and 1,206°C. From 180 /L ;’/

. . . . /
this illustration, it may be seen that the 3!20/ S {onss

- . xo24) o
relation Pgo./Poo —[0%] for each tin 160 = /
content is nearly linear, and for a given w0 5;:,/ ‘g"
ratio Pgo,/ Poo, oxygen content is slightly N I/C Ry 7 !
increased by tin, namely, activity of oxy- & 120 fr 7 l
gen is diminished with increasing tin \%“ 4
content. The limits of oxygen saturation & / §bn T (spd)
are represented by broken lines, in the 0 / 5 )

. . . :
right field of which the oxide phases may . B | 0 14~20
appeaf. "H i A [‘2~53
40 v 60~76
. i o 93~10
F1G. 1II-1. Relation between Poo,/Poo and 20 _ c
oxygen content for various tin contents. e Line o
0 702 G0k 006 408 410

[0%]
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Thermodynamic Considerations

O+ CO=C0: Equilibrium

The equilibrium constant for the reaction (III-1) and the activity of oxygen in
ternary Cu-O-Sn solution may be expressed as follows: )

. P 00 n
Ko= 50 - (111-2)
ao=fb6+ 3"+ [0%] (III-3)

where the symbol /8" represents the interaction coefficient corresponding to the
effect of tin on the activity of oxygen. Combination of the equation (III-1), (1II-2)
and (III-3) yields the following;

Kg'=Ko«fo-fo" (ITI-4)

Here, log /o has been found to be represented by the equation (I-12). From the
values of KG' given in the column 5 of Table III-1 and logf6 for each oxygen
content, the values of log Ko'—log b = log Ko +log /3" can be plotted against tin
content at two temperatures as shown in Fig. III-2. From solid lines in Fig. III-2,
log Ko and log /3" at two temperatures can be calculated as shown in the columns

2 and 4 of Table III-2, respectively.

The values of log Ko in the column 380 o From lower 107
3 have been calculated from the ® From higher (0%)

: . . 270 e Experiment
equation (i-9). There is a good . S
agreement between the results from 2603 ““"Z_&"—*- — |
the present work and from the equa- “3 g o 77%}‘%”‘1@%&
tion (I-9), it is accordingly conceiva- \? 350
ble that the log Ko-temperature re- S a0 "
lation may be represented by the e 9 e
equation (I-9). 2.30 Pl ST

Next, assuming log /3" for a 220 , |
given tin content to be proportional ' L1
to 1/7, the following is given; o ? ’ (Sn %16 ’ '
an FIG. I1I-2. Relation between log K§'
log /& = £ [Sn%] (II1-5) —logfl, and tin content.

T

From the equation (III-5) and the values of log/$" in the column 4, the interaction

~Sa

parameter ¢35 at two temperatures can be calculated as shown in the column 6.

TABLE III-2. Estimated Values of log Ko and log f§"

| ] Sn o/
Temperature ‘ log Ko | log f5"/[Sn%]1

(°K) iPresent Work! Eq. (I-9) !Present work qu (I1I-6), Present work [ Average

o0

T 7 n v

1,428 3618 | 3603 | —0.0078 | —0.0067 | ~11.1

1479 | 3352 3346  —00055 | —0.0065 6 ~ — 81 98
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Some discrepancy between the results at 1,155° C and at 1,206° C may be ascribed
to experimental errors. Thus, taking an average for both, i.e., ¢35 = — 9.6 as given
in the last column, and combining it with the equation (III-5), the following is
yielded ;

log /3 = — 9]',6 - [Sns%] (I11-6)

Two sets of broken lines in Fig. I1I-2 are represented by the equation (III-6).
Suitable combinations among the equations (III-3), (I1II-4), (III-6), (I-9) and
(I-12) give the following equations;

log K = 12090 _ 5899~ L3 . ro 57~ 25 . [snx (I11.7)
log @0 = log [0%] — —31}@ - [0%] - %ﬁi - [Sn% (111-8)

The curves in Fig. III-1 which indicate the relation Pgo,/Peo —[0%] for each tin
content have been drawn by the equation (III-7).

Deoxidation Equilibrium of Copper with Tin

As may be seen in Fig. III-1, the solubilities of oxygen in liquid copper alloy
diminished with increasing tin. In the present work, the compositions of the oxide
phases in equilibrium with Cu-5n-O melts have not been established, it is therefore
impossible to determine the accurate equilibrium relations for the deoxidation with
tin. Now, in order to obtain approximate informations on the deoxidation equi-
librium, taking the data on the compositions of liquid alloys in equilibrium with
oxide phases, log[0%] has been plotted against log[Sn% ] as shown in Fig. III-3.
It may be seen that such plots give the two parallel lines, of which slope is ap-
proximately equal to —1/2. This indicates that the product [Sn%]-[O%71® is
approximately constant for tin content up to 10 pct. Table III-3 shows the values
of apparent deoxidation constant;K4,_otat three temperatures. The value at 1,100° C

010y
]
A
| i
7.0 008 % \\ e\
el !
~ 12 SN 0063 N
2 ) PR RO
S N =) 1 N~
D ™~ \ﬁ\ 2041 SN O 220) o ]
i \</~5:5\o \ g |
™~ g AN 3\‘\\_74'5"5
7.6 ~ .02 Sy —
™Sy ‘\‘“—~-17000C
78 : Qf\ ,
00 0.2 04 06 08 7.0 g 2 4 5 8 70
log (Sn%) (Sn%)
Fic. I11I-3. Relation between log [09%] Fi1G. 11I-4. Equilibrium relation between

and log [Sn9%] in oxygen saturated melts. oxygen and tin in liquid copper.
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has been estimated from the data at

other temperatures. Fig III-4 shows TABLE III-3. Estimated Values of K§,_ o

the relation between [0%] and ~ Temperature D
i i ° Ky ‘—‘[Sn/]-[O/]2

[Sn%7. Itis seen that experimental (%) Sn~0 6 d

values may be fully expressed by i,igg 8'(0)822

these curves. The broken lines in 1,206 0.012

Fig. III-1 have been drawn by such

relations.

In order to determine the true equilibrium constant for the deoxidation relations
of liquid copper with tin, accurate data on the activity of tin in liquid copper and
further detailed physico-chemical informations on the oxide phases composed of
Cu:0, SnO and SnO, are desired. ‘

Conclusions

The equilibria between CO-CO, gas mixtures and liquid copper with and without
sulphur or tin have been studied by the gas circulation method.
Equilibrium constant for the reaction,

0+ CO = CO,

is represented as follows:

( Peo, ): 10,600

T - 3.820

10g I{O 1Og (n ao

The activities of oxygen in binary Cu-O solution, ternary Cu-O-S solution and
Cu-O-Sn solution are represented by the following relations, respectively;

Cu-O solution: logao=1log[0%]— V—3—1~l~3 [0%]
Cu-O-S solution: logao = 311 3. 242 6 < [S%]
Cu-0-Sn solution : 311 El 9% «[Sn%]

Next, from the equilibrium measurements between liquid copper and CO-CO;-S0;
gas mixtures, the following relations are derived;

§+2C023502+2CO,

Pso, *+ Pto 15,600 4852 2816 .
log KL —1og<w[5 )= - 200 y589- 222 0%~ S [S9%]
S+20 =S50,

B Pso, 5600 _1107.8 | 76638
log Ko = log( s /}) - — 1801 - HO2 L[0T - B2 - [8%

Furthermore, apparent equilibrium constant for the deoxidation reaction of liquid
copper with tin up to 10 pct is estimated as follows:



Physico-Chemical Investigations on Copper Smelting 163

Temperature (°C) Kbn0=[Sn%]-[0%T
1,155 0.0036
1,206 0.012

Further studies on the effects of the traces of carbon remained in copper are
desired.
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