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ABSTRACT

Equilibrium Sb and As contents of Pb-Sb and Pb-As alloys in contact
with PbO-Sb203 stags with less than 45 mole % Sb203 and PbO-AsZO3 slags
with less than 30 mole % A3203 respectively, were determined at 6500.
7000, and 750°C in an inert atmosphere. In this temperature range, the
Sb content of the Pb-Sb alloy increased with increasing temperature at
all slag compositions, while the As content of the Pb-As alloy decreased
with increasing temperature at A5203 concentrations in the single-phase
solid-solution slag region and the two-phase slag region and increased
with increasing temperature at A5203 concentrations in the single-phase
liquid slag region, The effect of 1 wt % Bi and 1 wt % Cu on the equi-
librium Sb and As contents of the Pb-Sb and Pb-As alloys in contact with
both single-phase and two-phase PbO-Sb203 and PbO-A5203 slags was deter-
mined at 700°C., Both Bi and Cu increased the equilibrium Sb and As
contents,

The PbO-Sb203 phase diagram below 28 mole % Sb203 and the Pb0«As,0

273
phase diagram below 21,5 mole % A5203 were determined by thermal analysis
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X

6Me 0 Me203
and by application of a log 3 versus log v plot determined
PbO Xpbo

from the equilibrium data. The resulting phase diagram for the PbO—Sb203
system showed a eutectic at a temperature of 604°C and a composition of
21,6 mole % Sb203 with a maximum terminal solid solubility of 5.6 mole %
Sb203 in Pb0, The phase diagram for the PbO-A5203 system was not well
defined since the eutectic was not detected. A region of terminal solid
solubility was found to exist in the system., No individual component
activity data for either system were determined due to the lack of an
appropriate solution model.

The softening of lead bullion containing Sb and As as oxidizable
impurities and Bi and Cu as non-oxidizable impurities by the use of a
vacuum process in conjunction with Pb0 as the oxidizing agent was found
to be a fast, efficient method for reducing the Sb and As content of

1000 gm samples of 1 wt % Sb and 0.1 wt % As lead bullion to a combined
level of 0.010 % at 700°C. This removal was accomplished in 2,5 hr at
200u Hg pressure by adding three times the stoichiometric amount of Pb0

necessary to react with all the Sb and As in three equal additions at 0,
0.5, and 1 hr, The condensate produced in this process contained 36.9
wt % Sb as Sb203 and 3,51 wt % As as A5203. The use of air and 02 as
oxidizing agents was not successful in removing Sb to the desired level.
The vacuum removal of Sb203 and A5203 from lead softening slags is
possible, but further work must be done to determine the optimum condi-

tions.

iv
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INTRODUCTION

The introduction to this investigation is presented in three parts:
1) the statement of the problem, which describes the problem under inves-
tigation, 2) the organization of the problem, which describes the method
in which the problem was studied, and 3) the importance of the study,

which describes why the problem was studied.

Statement of the Problem

In this investigation a survey was made of the possibility of re-
moving impurity elements, Sb and As in particular, from lead bullion at
700°C by selective oxidation of the impurities to the impurity oxides
which dissolve in a slag. The impurity oxides then volatilize from the
slag under reduced pressure and are recovered as a condensate. In order
to study this problem, however, data were needed for: 1) the slag-metal
equilibria between the impurity element dissolved in lead and the PbO-
dissolved impurity oxide system and 2) the phase diagrams of the PbO-
dissolved impurity oxide system. The slag-metal equilibria data were ob-

tained for the Pb-(Pb0+Sb203) and Pb-(PbO+AsZO3) systems, and thermal
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analysis data were obtained for the PbO-Sb203 and PbO-A3203 systems,
These data were compared with the available data in the literature., The
effect of Bi and Cu on the slag-metal equilibria and on the removal pro-
cesses were also studied since these impurities commonly occur in lead
blast furnace bullion,

Since both the commercial softening processes and the process under
investigation in this study produce slags which are high in Sb and As
content (approximately 30 and 2 wt %, respectively), a brief survey of
the application of a vacuum process for recovery of the Sb and As from

these slags was made,

Organization of the Problem

The problem was attacked experimentally by first determining the
equilibrium Sb and As contents of a Pb alloy in contact with PbO-Sb203
and PbO-A5203 slags of varying composition at atmospheric pressure in
an argon atmosphere at 6500, 7000, and 750°C, both in the presence and
absence of Bi and Cu, Cooling curves on slags in the PbO=rich portion
of the PbO-Sb203 and PbO-A5203 systems were run in order to determine
the liquidus and solidus temperatures at various compositions so that
phase diagrams could be constructed. Pb alloys containing 1 wt % Sb and/
or 1 wt % As were then treated with Pb0, air, or O2 to form Sb203- and/or
A3203—containing slags under various reduced pressure conditions at 700°c,
The slag- and metal-phase compositions were monitored as a function of

time to find the most suitable conditions of type and amount of oxidizing
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agent, method of oxidizing agent addition, pressure, and slag composition,
consistent with industrial capabilities, for optimum removal of impurity
elements from the alloy and recovery of the impurity oxides in the con-
densate, As a final test of the process, the optimum conditions thus
determined were then applied to lead bullions containing Bi and Cu, which
are not removed from the bullion by selective oxidation.

Since an Sb- and As-containing slag was produced in this process,
several tests on the removal of the impurity oxides under various condi-
tions of reduced pressure and type of atmosphere were conducted at 700°C

to determine whether this would be a suitable by-product recovery method.

Importance of the Study

The commercial softening of lead bullion is accomplished either by
reverberatory softening with air and/or Pb0 or by kettle softening with
sodium salts, either on a batch or continuous basis. The fuming of
softening slags and drosses is accomplished in reverberatory furnaces in
the presence of C, and the products are recovered in bag houses. Both
of the softening processes require long periods of time to produce the
desired grade of Pb, and they produce a large amount of slag from oxida-
tion of Pb to PbO which increases the plant circulating load of PbO.
This slag must be removed from the softening furnace and then treated
separately by fuming or chemical methods to recover the Sb and As,

No work has been done to determine the feasibility of softening

lead bullion or treating softening slags by a vacuum process. This study
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is presented as a beginning step in this direction, A vacuum softening
process would offer several attractive features:
1) softening could be accomplished at relatively low temperatures,
2) the plant circulating load of drosses and slag could be
lessened,
3) Sb and As could be recovered directly as oxides,
4) refining times could be shortened,
5) slag fuming could be substantially reduced,
6) softening could be accomplished before decopperizing and much
sensible heat in the blast furnace bullion would be conserved,
7) the volatility of the impurity oxides could be utilized as an
integral part of the process.
A vacuum slag treatment process would offer features 1, 2, 3, 4, and 7
in addition to the partial elimination of bag houses or precipitators

for fume recovery.
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LITERATURE SURVEY

Literature on the application of vacuum techniques to the softening
of lead bullion or the treatment of lead softening slags is virtually
nonexistent. There is an appreciable amount of literature, however, on
the application of vacuum techniques to such lead metallurgy processes
as dezincing of desilverized lead bullion (Davey, 1953, p. 991-97 and
Davey, 1962, p. 83-95), the removal of volatile metals from lead by
vacuum distillation (Caldwell, Spendlove, and St. Clair, 1960, p., 1-12),
and the vacuum dezincing of Parkes' process crusts (Schlechten, 1951,

p. 327-30 and Leferrer, 1957, p. 1459-60). There are also many articles
in the literature on conventional lead softening methods, but these are
too numerous to mention individually.

The systems most thoroughly investigated in this study were the
Pb»(Pb0+Sb203) and Pb-(Pb0+A5203) systems, The data in the literature on
these systems are quite scarce, Maier and Hincke (1932, p. 3-12) studied
the PbO-SbZO3 system and its relation to lead softening. They deter-

mined the melting point diagram of this system and found the intermediate

compound PbOoSbZO3 to exist both in the solid and liquid state. The
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existence of Pb0°Sb203 in the liquid state, however, is questionable,
They determined the PbO-Sb203 phase diagram to be two simple eutectics on
either side of this intermediate compound. In addition they determined
the vapor pressure of Sb203 above PbO-Sb203 melts at 697°C. They offered
an explanation of the mechanism of commercial softening as some sort of
steady-state phenomenon invelving relative rates of oxidation of bullion
and slag., Henning and Kohlmeyer (1957, p. 8-15) redetermined the PbO-Sb203
phase diagram by thermal and microscopic methods and found the intermediate
compound Pb0°Sb203 and the simple eutectics on either side of this com-
pound at 37 and 70 mole % Sb203° Their liquidus curve, however, was higher
in temperature at nearly all compositions than that of Majer and Hincke.
Pelzel (1959, p. 558-61) and Barthel (1957, p. 630) also determined the
liquidus in the PbO-rich end of the PbO-Sb203 system and substantiated
the results of Maier and Hincke. None of these investigators found evi-
dence of solid solubility of Sb203 in Pb0 or made any thermodynamic cal-
culations from their data,

Pelzel (1958, p., 56~61) studied the reaction 3Pb + Sb203=¥ﬁ 3Pb0 +

2Sb and determined the following expression for the equilibrium constant
2020

from thermal data: 1log Keq = - = 0.92. His experimental data
gave log Keq = - 22?9-+ 5,82, Pelzel (1959, p. 558-61) also studied

the equilibria between Sb dissolved in Pb and Pb0—5b203 slags of varying
composition and found a linear relationship between the log of the wt
percent Sb dissolved in the Pb and the wt percent Sb203 in the slag at
700°, 750°, and 800°C at slag compositions between 8.1 wt % and 33.8 wt
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% Sb,0 Williams (1936, p. 226) and Barthel (1957, p. 630) made similar

273
studies at 800°C. Barthel agreed closely with Pelzel, but Williams' re-
sults were considerably different, showing a much higher percent Sb in
the Pb for a much lower percent Sb203 in the slag.

Pelzel (1958, p. 61-3 and 1959, p. 558-61) studied the reaction
3Pb + A52 3= 3Pb0 + 2As and determined the liquidus cruve for the PbO-

rich end of the PbO-A5203 system. For the reaction he determined

_ 1815 _ _ 5700 _
log Keq 7 1 from thermal data and log Keq - 7.70 from

his experimental data. The results of his determination of the liquidus
curve in the PbO-A5203 system were not conclusive above 35 wt % A5203
due to glass formation but did show a possible eutectic at 23 wt % A5203
and a possible intermediate compound 2Pb0°A5203 at 30 wt % A5203.

No data were found concerning the interaction of Bi and Cu on Sb or

As in Pb alloys at any temperature,
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EXPERIMENTAL APPARATUS AND PROCEDURE

The experimental technique employed in this study required apparatus
and procedures 1) to equilibrate the slag-metal systems in an inert
atmosphere at atmospheric pressure at a controlled, elevated tempera-
ture, 2) to run thermal analysis experiments on the binary oxide systems,
3) to add an oxidizing agent to the alloy system and monitor the metal-
and slag-phase composition as a function of time both in an inert atmos-
phere and at reduced pressure at a controlled, elevated temperature,

4) to analyze chemically the slag, condensate, and metal phases produced
in each experiment, and 5) to analyze by X-ray diffraction the slag and

condensate phases produced in each experiment.

Apparatus
The apparatus used in this investigation consisted of the equili-

bration system, which was modified slightly for the vacuum removal
experiments and the thermal analysis experiments, and the X-ray analysis
system,

The Equilibration System. The equilibration system, shown schemat-




T-1067

jically in Fig. 1 and pictorially in Fig. 2, allowed equilibration of
1000 gm of Pb-impurity alloy and 300 gm of PbO-impurity oxide slag in an
inert atmosphere at atmospheric pressure and a controlled, elevated
temperature,

The equilibrations were carried out in a 3 %.- in, - 0D, 3 %-- in, -
ID by 2 %-- in. - deep 416 stainless steel crucible. No other crucible
material was available which would hold the highly corrosive slags with-
out being attacked or reacting with the slags. The crucible was placed
inside a vertically mounted 4 - in, - ID by 18 - in, = long fused silica
reaction tube which had one closed end. On a shoulder around the top of
the crucible was placed a 3.5 - in, = OD by 12 - in., - long fused silica,
open-end tube which acted as a condenser to collect the volatile products
of the reaction and to contain splashing of the crucible contents. The
reaction tube was covered at the open end by a water-cooled brass cap
resting on an annular silicone-rubber gasket and sealed by a collar clamp.
Soldered into this brass cap were a sampling port, a takeoff to the
vacuum pump, a takeoff to the inert gas introduction system and Pirani
gauge, and a port for the Teflon vacuum feed-through for the 416 stain-
less steel, motor-driven paddie stirrer. The brass cap could be removed
by disconnecting the ball joints on the lines to the pump and the gas
introduction system,

The furnace used was a Lindberg Model 56622 crucible furnace with a
5« 1in, - ID by 8 - in. - deep heating chamber capable of attaining a

maximum temperature of 1210°C and maintaining a constant temperature
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hot-zone of 4 % in. in the temperature range from 500° to 800°C, The
furnacevbower was supplied by a Type 236 Powerstat operating on 220 VAC,
The furnace temperature was controlled to +3°C by a Barber-Coleman Model
293C Capacitrol and a 20-ft chromel-alumel thermocouple. The lead and
slag melt temperatures were calibrated with the temperature setting on
the controller in order to eliminate the need for inserting a thermo-
couple into the highly corrosive melt. A temperature profile of the
crucible showed no significant temperature gradients within the melt,
The melt temperature was checked periodically with a Vycor-enclosed
calibrated chromel-alumel thermocouple to determine if any significant
variations occurred, The furnace could be moved vertically on a track
with a counterweight system.

For the experiments requiring a reduced pressure, the vacuum in
the reaction tube was obtained with a Duo-Seal Model 1402B mechanical
pump which was capable of producing a vacuum of Tu Hg. The vacuum was
continuously measured with an Asco Model PRI Pirani gauge which was
calibrated with a McLeod gauge. Readings of +10u from the desired
vacuum level were possible. The vacuum could be controlled at the
desired level by the introduction of Ar through a modified reverse-
taper Teflon stopcock which acted as a leak valve in the inert gas in-
troduction system, This method provided a control of +10u on the
vacuum level,

For the experiments requiring an inert atmosphere at atmospheric

pressure, a flood valve in the gas introduction system was opened to

12
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allow Ar at 1 psig to be impressed on the system. In most of these ex-
periments, the fact that no Ar flow into the reaction tube was noticed
on the gas flow meter upstream from the reaction tube indicated that
the system was tightly sealed.

Gaseous oxidizing agents were added to the equilibration system
through a %-- in. - OD 316 stainless steel lance inserted into the melt
through the sampling port. Solid oxidizing agents were added to the
system by inserting a funnel which was connected to a 12 - in. - long
piece of Vycor tubing through the sampling port and pouring the required
oxidizing agent into the funnel.

For the thermal analysis experiments, a calibrated chromel-alumel
thermocouple with no protection tube was inserted directly into the melt
through the port in the brass cap which normally contained the vacuum
feedthrough for the stirrer,

A11 sampling of the metal phase was accomplished by inserting a
7-mm Vycor tube which had one sealed end with a small hole g-ino above
the sealed end through the sampling port into the metal layer and raising
it immediately. The 3-gm sample thus obtained was then poured back
through the small hole into a beaker of water to granulate it. The slag
layer was sampled by inserting a similar Vycor tube with no hole in it
into the melt and raising it immediately. The slag solidified on the
sampling tube and was scraped off, giving a 1-gm sample.

The X-ray Analysis System., The X-ray analysis of the slags and

condensates was performed by standard diffractometer methods at room
temperature, All patterns were made with Cu Ky radiation at 50 kv and
35 ma,
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Procedure

Three general types of experiments were performed in this investi-
gation: 1) sTag-meta] equilibrations in an inert atmosphere at atmos-
pheric pressure, é) thermal analysis experiments on binary oxide slags,
and 3) rate of impurity removal experiments on alloys, bullions, and
slags using various gaseous and solid oxidizing agents at atmospheric
and reduced pressures. A slightly different procedure was followed in
each of these types of experiments, Samples from the experiments were
analyzed to determine the impurity content of the metal phase and/or
the composition of the slag and condensate phases.

Slag-Metal Equilibrations, The sample for the equilibration experi-

ments was prepared by placing a 1000-gm ingot of Pb with the appropriate
amount of Sb or As, if required, to form the metal phase and a calculated
amount of Pb0 and Sb203 or A5203, if required, to form 300 gm of the slag
phase in the stainless steel crucible (Reagent analyses are given in
Appendix I), The crucible was then inserted into the reaction tube, the
condenser was placed on the crucible, the stirring assembly was placed

in the brass cap in a raised position, the cap was'placed on top of the
reaction tube and clamped tightly, and the reaction tube was evacuated

to 50u Hg ten times. Before each evacuation, the system was purged with
Ar. After the evacuation and purging, the furnace, set at a temperature
such that the slag would be entirely liquid, was raised to enclose the
reaction tube, When the furnace was in the proper position, the main

vacuum valve was closed, and Ar at 1 psig was allowed to flood the system.
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When the slag was completely molten, the temperature of the furnace was
either raised or lowered to the desired level. The stirrer was lowered
into the melt and switched on, This time was recorded as time zero for
the equilibrations,

The system required approximately 16 hr to reach equilibrium and
was therefore sampled every 2 hr after 16 hr until the analyses of two
consecutive samples of both the metal and slag phases showed no appre-
ciable change, The analysis method will be discussed in a later section,

After the last sample was taken, the furnace was lowered, the
stirrer was raised out of the melt, and the reaction tube and crucible
were allowed to cool to room temperature by blowing air on the outside
of the reaction tube. When the assembly reached room temperature, the
Ar flow was shut off, the brass cap was removed, and the crucible and
condenser were removed from the reaction tube, The condensate was
sampled; the slag was chipped out of the crucible, pulverized, and
sampled; and the Pb alloy was melted out of the crucible and cast into
ingots,

Thermal Analysis Experiments on Oxide Slags., The thermal analysis

experiments were performed on 500-gm samples of the PbO-Sb203 and
PbO-A5203 slags in the equilibration apparatus under inert atmosphere
by inserting a calibrated chromel-alumel thermocouple with no protection
tube directly into the oxide melt through the stirrer port. The slag
minture was heated to a temperature believed to be above the liquidus

and then cooled by lowering the furnace. The millivolt output of the

15
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thermocouple was recorded as a function of time with a Leeds and Northrup
potentiometer. Slag samples taken before and after the cooling curves
were run were analyzed to insure that the slag had not changed in com-
position during the test.

Rate of Impurity Removal Experiments on Alloys, Bullions, and Slags,

In the experiments using solid PbO as the oxidizing agent, the same
general procedure through the evacuation and purging step was used as

was described in the equilibration section, except that no slag consti=-
tuents were initially placed in the crucible with the 1000-gm lead ingot,
After the evacuation and purging, the furnace, set at 700° t30C, was
raised to enclose the reaction tube. When the furnace was placed in

the proper position, the main vacuum valve was closed, and Ar at 1 psig
was allowed to flood the system, Heating the melt to 700°¢C required
approximately 1 hr. When the melt temperature reached 700°C, the stirrer
was lowered into the melt and switched on, Ten gm of Sb and/or As to
form a binary or ternary alloy and the other required addition elements,
if any, to form a bullion were added through the funnel in the sampling
port, and the melt was agitated for 5 min at 50 rpm to insure homogeneity.,
After the agitation period, the calculated amount of PbO was added to the
melt through the funnel inserted in the sampling port. The cap was imme-
diately placed back on the sampling port, the main vacuum valve was
opened, and the leak valve was adjusted to give the desired vacuum level,
Since the time required to obtain 200u Hg vacuum was about 30 sec and to

obtain 25u Hg was about 2 min, time zero for these tests was recorded
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when all the Pb0 had been added to the melt. Slag and metal samples were
taken at appropriate time intervals, After the last sample was taken,
the same shutdown procedure as was previously described was used.

In the experiments using air or O2 as the oxidizing agents, the ex-
perimental procedure was the same as that used in the Pb0 experiments
through the addition of the Sb or As., After the agitation period, the
stirrer was raised, and a stainless steel lance was inserted through the
sampling port., Air or O2 was injected into the melt at a predetermined

flow rate, which was measured with a calibrated flow meter. Slag and

metal samples were taken at appropriate time intervals through the stirrer

port, After the last sample was taken, the usual shutdown procedure was
followed,

In the experiments on the vacuum removal of Sb and As oxides from
lead softening slags, 500 gm of the desired slag composition were placed
in the crucible, and the usual purging and heating procedure was followed.
After the system had been purged and the melt was at the desired tempera-
ture, the experimental conditions were set by introducing air or Ar or
by adding C or metallic Pb to the system, if necessary, and then impress-
ing the desired vacuum on the system. Samples of the slag were taken at
appropriate time intervals, and the usual shutdown procedure was used
when the test was completed.

Analysis of the Slag, Condensate, and Metal Phases. A1l of the

chemical analyses required in this investigation were performed by stand-
ard wet methods (ASTM Standards, 1965). The following methods were used

and are described in Appendix II:

17
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1) Sb and As dissolved in Pb -- ASTM Standard Analysis E46-56,
Arsenic and Antimony by the Distillation Bromate Method.

2) Sb and As in oxide slags -- same as 1).

3) Bi dissolved in Pb -- ASTM Standard Analysis E37-56,
Bismuth by the Photometric Thiourea Method.

4) Cu dissolved in Pb -- Copper by the Long Iodide Method.

As was previously mentioned in the apparatus section, the X-ray

diffraction analysés on the slags and condensates were performed by

standard diffractometer methods at room temperature with Cu K, radiation,
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EXPERIMENTAL RESULTS

The experimental results from this investigation can be classified
according to the type of experiment involved and can be subdivided into
five general categories: 1) slag-metal equilibrations in the Pb-(PbO+
Sb,04) and Pb-(Pb0+As,0;) systems at 650°, 700°, and 750°C, 2) thermal
analysis experiments on the PbO-Sb203 and PbO~A5203 slag systems, 3) rate
of impurity removal experiments in the an(Pb0+Sb203), Pb—(Pb0+A5203, and
Pb-(PbO+Sb203+A5203) systems under various conditions of oxidizing agents,
pressure, and slag composition at YOOOC, 4) rate of Sb and As oxide re-

moval experiments on lead softening slags at 7OOOC, and 5) X=-ray diffrac-

tion patterns on slags and condensates obtained in the above experiments,

Results from Slag-Metal Equilibrations in the Pb-(PbO+Sb203) and Pb-(Pb0+

As,0,) Systems at 650°, 700°, and 750°%

The results from this portion of the investigation were obtained
from the analysis of the equilibrium metal and slag phases in the Pb-

(PbO+Sb,04) and Pb=(PbO+As,05) systems at 650°, 700°, and 750°C., The

19
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results are shown in tabular form in Table 1 for the Pb-(PbO+Sb203)
system and in Table 2 for the Pb—(PbO+A5203) system. The slag composi-
tion ranges covered were 0 to 45 mole % Sb203 in the Pb-(Pb0+Sb203)

system and 0 to 29.5 mole % ASZO in the Pb-(PbO+A5203) system, The

3

slag phase analyses can be considered accurate to XMe 0. = +0,002, and
273
the metal phase analyses can be considered accurate to 0,002 wt %.

Table 1. Equilibrium Sb Contents for Pb-Sb Alloys in Contact with
PbO-Sb,04 Slags at 650°, 700°, and 750°C

Temperature, XSb 0 Addition Wt % Sb Remarks

o¢ 273 Elements in Alloy
in Slag

650 0.060 none 0.050 Two-phase slag
0,210 0,101 Single-phase slag
0.258 0,250 "
0,357 1.50 "
0,419 2,62 "

700 0.006 none 0.004 Single-phase slag
0.010 0.006 "
0,012 0,011 "
0,026 0.044 "
0.036 0.069 "
0,039 0.070 Two-phase slag
0,046 0,070 "
0,085 0.072 "
0.123 0,071 "
0.147 0.098 Single-phase slag
0.196 0,127 "
0.203 0.141 "
0.212 0,290 "
0.244 0.537 "
0.260 0,707 "
0.271 0.913 "
0.292 1,04 "
0.346 1.56 "
0.375 1.89 "
0.390 1,98 "

0.398 2,14 "

20
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Table 1, Cont'd,

Temperature, XSb 0 Addition Wt % Sb Remarks

¢ 273 Elements in Alloy
in Slag

700 0.424 none 3.14 Single=Phase slag
0.430 3.29 "
0.046 none 0.070 Two-phase slag
0.046 1% Bi 0,072 "
0.046 1% Cu 0,103 "
0.046 1% Bi & 1% Cu  0.093 "
0.260 none 0.707 Single=phase slag
0.260 1% Bi 0.840 "
0.260 1% Cu 0,931 "
0.260 1% Bi & 1% Cu 0,750 "

750 0,060 none 0,091 Two-phase slag
0.128 0.136 Single-phase slag
0.211 0.585 "
0.322 1.45 "
0.362 1,86 "
0.416 3.41 "

Table 2, Equilibrium As Contents for Pb-As Alloys in Contact with
Pb0-As,0, Slags at 650°, 700°, and 750°C

Temperature, XAS 0 Addition Wt % As Remarks
Oc 273 Elements in Alloy
in Slag

650 0.040 none 0.022 Single=-phase slag
0.093 0.030 Two-phase slag
0.125 0.030 "
0.188 0.068 Single-phase slag
0.230 0.187 "
0.255 0,936 "
0.278 2,46 "
0,275 2,97 "
0.295 3.68 "

700 0.010 none 0.003 Single-phase slag
0.040 0.016 "

0.093 0,028 Two-phase slag
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Table 2, Cont'd,

Temperature, XAS 0 Addition Wt % As Remarks

¢ 273 Elements in Alloy
in Slag

700 0,125 none 0,028 Two-phase slag
0,188 0,137 Single-phase slag
0.218 0.233 "
0.239 1,01 "
0.266 2,59 "
0.278 3.16 "
0.284 3.75 "

700 0.108 none 0,028 Two-phase slag
0.108 1% Bi 0.028 "
0.108 1% Cu 0.050 "
0.108 1% Bi & 1% Cu 0,048 "
0,223 none 0,474 Single=phase slag
0.223 1% Bi 0,568 "
0,223 1% Cu 0,580 "
0,223 1% Bi & 1% Cu 0,824 "

750 0,040 none 0.008 Single-phase slag
0,093 0,025 Two-phase slag
0.123 0.036 Single-phase slag
0,186 0,292 "
0.214 0.409 "
0.238 1.84 "
0.271 3,82 "

Results from Thermal Analysis Experiments on the PbO-szO3 and PbO-A5203

Systems

The results from this portion of the investigation were obtained by
running cooling curves on various compositions in the PbO-rich portions
of both the PbO»SbZO3 and PbO-AsZO3 systems, The composition ranges
covered were 0 to 28 mole % szo3 in the PbO»SbZO3 system and 0 to 21.5
mole % A5203 in the Pb0=A5203 system. In all cases in the PbO-Sb203

system, the liquidus breaks in the cooling-curves were well-defined, but

22
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due to the somewhat vitreous nature of these slags, the eutectic thermal
arrests appeared only as breaks. These second breaks in the cooling
curves were assumed to be the eutectic thermal arrests since they occur-
red at about 604°C in every case, The solidus break was not detected in
the 4.0 mole % Sb203 slag.

In the PbO-A5203 system, the liquidus breaks became less well-
defined with increasing A5203 content of the slag due to increasing
glassiness of the slag. The eutectic thermal arrest was not observed in
any of the cooling curves; however, the solidus break was detected in
the cooling curve for the 3.8 mole % A5203 slag,

The results from the thermal analysis experiments are shown in
Table 3 for the Pb0-Sb,0, system and in Table 4 for the PbO-A5203 system,

273
The cooling curve data are given in Appendix III,

Table 3, Liquidus and Eutectic Temperatures for the PbO-rich End of the
Pb0-Sb O3 System

2
X Liquidus Temperature, Eutectic Temperature,
Sb203 0¢ O¢
in Slag
0,040 845 -
0,089 778 602
0.145 698 605
0,194 633 604
0.216 604

- 0,280 634 602
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Table 4, Liquidus and Solidus Temperatures for the PbO-rich End of the
PbO-A5203 System

X Liquidus Temperature, Solidus Temperature,
AS203 ¢ ¢

in Slag

0,038 841 775

0,106 755 -

0,178 630

0.215 510

Results from the Rate of Sb Removal Experiments on the Pb-(PbO+Sb203)

System at 700°C

The results from this portion of the investigation were obtained
from the analysis as a function of time, pressure, and sequence of
events of the metal, slag, and condensate phases obtained when 1 wt %
Sb dissolved in Pb was oxidized by either Pb0, air, or 02, and the re-
sulting antimony oxide was dissolved in a PbO-rich slag at 700°C, The
results are shown in Table 5 for the removal of Sb from a 1 wt % Sb-Pb
alloy with Pb0 and in Table 6 for the removal of Sb from 1 wt % Sb-Pb

alloy with air and 02o

Results from the Rate of As Removal Experiments on the Pb~(Pb0+A5203)

System at 700°C

The results of this portion of the investigation were obtained in
the same manner as the results given in Table 5. However, only one
selected experiment was performed under the conditions which were most

favorable for removal of Sb from a 1 wt % Sb-Pb alloy with PbO. The

24
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experiment performed on the Pb-(PbO+A5203) system corresponds to test @
in the Pb«(PbO+Sb203) system, The results from this experiment are shown

in Table 7,

Results from the Rate of Sb and As Removal Experiments on the Pb-(PbO+

Sb,05+As,0,) System at 700°C

The ultimate objective of this investigation was to determine if a
vacuum softening process would be feasible to use in treating lead blast
furnace bullion for the removal of Sb and As. The experiments up to
this point have involved the removal of Sb and As separately from the Pb
alloy. Since lead bullion usually contains both Sb and As in a ratio of
approximately 10 to 1 where the Sb content is approximately 1% and the
As content is approximately 0.1%, the ultimate test of the process would
be the removal of both elements from a complex alloy which contains the
commonly found impurities in addition to Sb and As, Experiments were
conducted under the best conditions for Sb and As removal from the re-
spective 1 wt % alloys with PbO under reduced pressure on alloys contain-
ing 1) both 1 wt % Sb and 1 wt % As to confirm the results shown in
Tables 6 and 7 in tests Q and BB, 2) 1 wt % Sb and 1 wt % As along with
1wt % Bi and 1 wt % Cu to determine the effect which Bi and Cu have on
the removal rate of both Sb and As, and 3) 1 wt % Sb and 0,1 wt % As
along with 0,02 wt % Cu and 0,15 wt % Bi to determine the removal rates
on an actual bullion, The results of these experiments are shown in

Table 8,
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Results from Rate of Sb and As Oxide Experiments Removal on Lead Soften-

ing Slags at 700°C

As a basis for further experimental work, artificial lead softening
slags containing approximately 30 wt % Sb203, 2wt % A5203, and 68 wt %
Pb0 were prepared and treated under various atmospheric and reduced pres-
sure conditions to determine whether it would be feasible to use a vacuum
technique to remove the antimony and arsenic oxides from such a slag at

700°C. The results from this series of experiments are given in Table 9,

Results from X-ray Diffraction Analysis on the Slags and Condensates

A wide variety of slags and condensates were produced in the experi-
ments in this investigation which were analyzed to determine the com-
pounds present by standard X-ray diffractometer methods using Cu K4
radiation at room temperature. The data from the X-ray diffraction anal-
yses are given in Table 10 along with the compounds responsible for the
diffraction peaks. The values for duk,, 20, and intensity of the Tines
in the pure compounds involved as compiled from the ASTM Powder Data

Index are given in Appendix IV,
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Table 10, X-ray Diffraction Analysis of Slags and Condensates using
Cu Ko Radiation

Test 20, Relative Intensity Source of Line
-]
Stag from 15.05 W PbO
Pb-(PbO+Sb203) 28.40 W PbO
Equilibration 29,30 VS Pb0
XSb203 = 0,026 30.35 s PbO
31.90 W Pb0O
32,65 m PbO
35.80 W PbO
36,00 W PbO
37.85 m Pb0
Stlag from 15.05 W Pb0O
Pb-(PbO+Sb203) 24,80 W (PbO°Sb203)*
Equilibration 26,30 W (Pb0°Sb203)
be203 = 0,123 27.40 s (Pb0°5b203)
28,60 S PbO
29,10 m PbO
29.40 m (PbOoSb203
30,30 Vs PbO
32,10 W Sb203, (Pb0°5b203)
32.60 W Pb0
33.10 W Sb203, (Pb0°8b203)
33,50 W (PbO°Sb203)
34,00 v (PbOva203)
35,80 W Pb0
37.80 W Pb0

* The brackets indicate no standard pattern found in ASTM Powder Data
Index
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Table 10, Cont'd,

Test 20, Relative Intensity Source of Line
-]
Slag from 24,70 W (Pb0°Sb203)
Pb-(PbO+Sb203) 26,50 W (PbOoSb203)
Equilibration 27.45 Vs (PbOoSbZOS)
XSb203 = 0,346 29,50 m (PbO°Sb203)
33,50 w (PbO°Sb203)
34,00 W (Pb0°Sb203)
Slag typical of 15,05 W PbO
the type produced 28,30 W PbO
in Sb removal tests 29,30 VS Pb0
where final slag 30,35 S Pb0
composition was < 31.90 W PbO
XSb203 = 0,030 32,60 m PbO
35.80 W PbO
36.05 W Pb0
37.85 m PbO
Slag typical of 15.05 variable Pb0O
the type produced 24,80 (PbO°Sb203)
in Sb removal tests 26,30 (PbOoSb203)
where final slag 27,35 (PbO“SbZOB)
composition was > 28,60 Pb0
XSb203 = 0,100 29,10 PbO
29,45 (Pb0°5b203)
30.30 PbO
32,10 Sb203, (PbO'Sb203)
32,60 Pb0

33,05 Sb203, (PbO°Sb203)
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Table 10, Cont'd,

Test 20, Relative Intensity Source of Line
Slag typical of 33,50 variable (PbOQSb203)
the type produced 34,00 (Pb0°5b203)
in Sb removal tests 35,80 PbO
where final slag 37.80 PbO
composition was <
X = 0,100
Sb203
Slag from 15,10 W Pb0
Pb-(Pb0+A5203) 28,40 W PbO
Equilibration 29,30 VS Pb0
XA5203 = 0,040 30.35 S Pb0
31.80 W Pb0
32,60 m Pb0
35.80 W PbO
36,00 m PbO
37,90 m Pb0
Slag from
Pb-(PbO+A5203) This slag composition produced a pattern typical
Equilibration, of a vitreous substance. It possessed one broad,
X = 0,123 small, rounded peak extending over about 8°,
A5203
Slag from
Pb-(PbO+A5203) This slag composition produced a pattern typical
Equilibration, of a vitreous substance, It possessed one broad,

= 0,278

X
A5203

small, rounded peak extending over about 10°,

41
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Table 10, Cont'd,

Test 20, Relative Intensity Source of Line
Condensate - Test B 23,70 W Sh
25.20 vw Sb
28,70 Vs Sh
31.36 Vs Pb
36,34 Pb
40,10 Sb
Condensate - Test G 13,80 W Sb203
27.90 Vs Sb203
28.30 ] Sb203
28,65 w PbO, Sb203
30,20 VW Pb0
31.40 m Ph
32,20 m Ph0, Sb203
33.40 VW Sb203
35,056 W szo3
35,60 W Pb0O
36,35 w Pb
Condensate - Test H 13,80 W Sb203
27.90 Vs Sb203
28,30 S Sb203
28,65 W PbO, Sb203
30.20 VW Pbh0
31.40 m Pb
32,20 m PbO, Sb203
33.40 VW Sb203
35.10 W Sb203
35.60 VW Pb0
36,35 W Pb
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Table 10, Cont'd,

Test 20, Relative Intensity Source of Line

Condensate - Test I 13,70 W Sb203
23,75 W Sb
27,60 Vs Sb203
28,10 v Sb203
28.30 W szO3
29065 W -
31,20 Vs Pb
32.00 Pb0O
33.20 Sb203
35,00 W Sb203
36,20 m Pb

Condensate - Test J 27.80 m Sb203
28,08 ww Sb203
28,38 W Sb203
29,10 m Pb0
29,90 PbO
30,30 W PbO
31.20 Vs Pb
35,60 PbO
36.25 Pb

Condensate - Test K 27,20 m -
27,80 W Sb203
28,08 vw Sb203
28,40 Sb203
29,10 Pb0O
29,90 Pb0O
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Table 10, Cont'd,

Test 20, Relative Intensity Source of Line

Condensate - Test K 30.30 m PbO
31.20 VS Pb
32,40 szo3
35,55 PbO
36.20 Pb

Condensate - Test L 13.70 W Sb203
27,60 Sb203
28,20 Sb203
28.90 Sb203
30,20 PbO
31,10 vs Pb
31.75 W PbO
32,30 Sb203
32,50 Pb0O
36,10 Pb
37,60 W Pb0O

Condensate - Test M 27.80 W Sb203
28,30 m Sb203
29.20 W Pb0O
29.90 S Pb0
30.30 ) W PbO
31.20 Vs Pb
32,35 m Sb203
35.60 w Pb0
36,20 m Pb
39,30 W Sb203

44
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Table 10. Cont'd,

Test 20, Relative Intensity Source of Line

Condensate - Test N 27,20 m -
27.80 W Sb203
28,25 m szO3
29.20 W Pb0
29,95 S PbO
30,30 w PbO
31.15 Vs Pb
32,35 m Sb203
36.60 W PbO
36,20 m Pb
39.30 w Sb203

Condensate - Test 0 27.30 -
28.40 Sb203
29.10 PbO
30.00 W -
30.40 m Pb0
31.30 VS Pb
31.85 W PbO
32,50 W Sb203
32.65 W PbO
34,20 W -
35.70 W PbO
36.30 m Pb
37.90 W Pb0O
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Table 10. Cont'd,
Test 20, Relative Intensity Source of Line
Condensate - Test P 13,70 m Sb203
27,20 vw -
27,60 Vs Sb203
28,35 w Sb203
29,30 vw Pb0
29,90 W PbO
30,20 VW Pb0
31,20 Pb
31,90 PbO, Sb203
34.90 Sb203
35.60 Pb0O
36,10 W Pb
Condensate - Test Q) 13.70 Sb203
23,70 Sb
27.20 -
27.60 Vs Sb203
28,35 W Sb203
28,70 m Sb
29.30 VW Pb0O
29,90 VW Pb0
30.20 VW Pb0
31,20 m Pb
31.90 PbO, Sb203
31.90 PbO, Sb203
34,90 W Sb203
35,60 W Pb0
36,10 W Pb
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Table 10, Cont'd,

Test 23, Relative Intensity Source of Line
Condensate - Test R 13.70 vw szo3
27,70 Vs szO3
28,40 Sb203
29,10 PbO
29.90 vw Pb0
30,30 m Pb0O
31,25 Vs Pb
32.00 m PbO, szo3
35.00 W Sb203
35,60 W PbO
36,20 m Pb
Condensate - typical 13.70 W Sb203
of tests S through 19,60 vw Sb204
AA 21,80 W -
22,80 -
23,80 -
24,80 W Sb204
27,70 Vs Sb203
31.30 Pb
32,00 Sb203
35.00 W Sb203
35,70 vw -
36.25 vw Sb204
39.60 W Sb,0

273

47



T=-1067

Table 10, Cont'd,

Test 29, Relative Intensity Source of Line
Condensate - Test BB 27,90 Vs A5203
28,50 Pb0, As
29,05 PbO
29.70 W -
30.30 m PbO
31,20 Pb
32,30 VW A5203, As
32.70 PbO
33,70 -
36,20 Pb
Condensate - Tests 13.70 m Sb203
CC and DD 13.80 W A5203
27.00 W -
27.75 m Sb203, A5203
28,40 Vs Sb203
29,10 m PbO
29,70 W PbO
30,20 W PbO
31.20 W Pb
32.20 W A5203
32,70 W PbO
33.10 W szo3
35,10 W Sb203, A5203
35,70 W Pb0
36,20 W Pb
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Table 10, Cont'd,

Test 20, Relative Intensity Source of Line
o
Condensate - Tests 13,70 W Sb203
EE and FF 26.90 m -
27,70 Sb203, A5203
28,30 S Sb203
29.10 Vs Pb0O
29,70 v PbO
30,20 m Pb0
31,20 m Pb
32,30 m A5203
33,20 m Sb203
35.10 W Sb203, A5203
35,70 W PbO
36.20 m Pb
Condensate - Tests 13,70 W Sb203
HH and JJ 27,70 Vs Sb203
31.20 vw Pb
32,10 m szo3
35.05 W Sb203
36,20 W Ph
39.60 w Sb,0

2°3
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CALCULATIONS AND INTERPRETATION OF RESULTS

The calculations and discussion resulting from this investigation
can be presented in five general categories: 1) the slag-metal equili-
bria in the an(PbO+Sb203) and Pb-(PbO+A5203) systems at 650°, 700° and
750°C, 2) the evaluation of the slag-metal equilibria data for the de-
termination of the phase diagrams and thermodynamic data for the PbO-
Sb,05 and Pb0-As,0, systems, 3) the effects of 1 wt % Bi and 1 wt % Cu
on the slag-metal equilibria at 700°C, 4) the application of vacuum
techniques to the removal of Sb and As from lead bullion at 7OOOC, and
5) the application of vacuum techniques to the removal of Sb and As

oxides from lead softening slags at 700°C.

Stag-Metal Equilibria in the Pb—(Pb0+Sb203) and Pb-(PbO+AsZO3) Systems

at 650°, 700°, and 750°C

Before the application of vacuum techniques to Sb and As removal
from lead bullion could be systematically studied, it was first neces=-
sary to determine the appropriate equilibrium data for both the Pb-
(PbO+Sb203) and Pb-(Pb0+A5203) systems in that no reliable data could

be found in the literature,
50
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Slag-Metal Equilibria in the Pb-(PbO+Sb203) System. The equilibrium

reaction under consideration in this system can be represented as follows:

2 §£»wt g * 3 Pb0(£)=§= Sb203(£) + 3 Pb(z) (1)

For this reaction, the equilibrium constant can be represented by the

following expression:

- - (2)

The assumptions made in the following discussion are 1) that Henry's Law
is obeyed over the entire experimental temperature and composition range
for Sb dissolved in Pb, 2) that ACp for the reaction is zero, 3) that
the activity of Pb is unity, and 4) that Sb204 and Sb205 are present in
the system but in such small quantities that they are not important.
Assumption 1 is valid because in temperature range under consideration
Sb dissolved in Pb follows Henry's Law up to approximately 3.9 wt % Sb,
Assumption 2 is valid because both aH® and 4s° are nearly independent

of temperature in the temperature range under consideration. Assumption
3 is valid since most of the detailed calculations made in this discus-
sion are made for alloys containing less than 1 wt % Sb. Assumption 4

can be shown to be valid by application of the appropriate data from
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Table 11 by assuming that the oxygen potential in the system is deter-
ined b = + ilibrium,

mined by the 2Pb0(£) 2Pb(z) 02(9) equilibrium. The calculated

results for the activity ratios of the various antimony oxides under

these conditions at 700°C are shown in Table 12. A sample calculation

Table 12, Activity Ratios for the Various Antimony Oxides Based on
= s 93 . 0
- +
Au02 Set by the 2Pb0(1) 2Pb<2) 0, Equilibrium at 700°°C

Reaction AGO, Activity Ratio Value
cal/mole 02
25b.0., « + 0, \ = 25b.0 -32,800 S50 2.66 X 10°3
2°3(%) 2(g) = “2V2%4(s) ’ °
Sb,0
2°3
- “sb,05 -9
25b204(s) + 02(9)‘:—'25b205(s) 22,850 S 1.52 X 10
Sb204

for obtaining these values is shown in Appendix VII. Table 12 shows

that the activities of Sb204 and Sb205 are small compared to the activity

of Sb203 at 700°c, Activity ratios of the same order of magnitude are

found for 650° and 750°C, so it can be said that the system under con-
sideration in the temperature range from 650° to 750°C should contain

mostly Sb203 with negligible amounts of Sb204 and Sb205°

Using these assumptions, then, and the appropriate equilibrium data
from Table 11, Equation (2) becomes
3sb,0

b
2°3
K.y = (3)
eq 3 2
b0 (% Sb)
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where

4980

eq - T 3.670 (4)

log K
Equation (4) was obtained by the method of least squares from a plot of
log Keq versus the reciprocal of the absolute temperature. (No confidence
1imits for Equation (4) can be given since no limits were given on the
literature data from which it was calculated,) Since the slope of this
plot is positive, the equilibrium reaction is exothermic; but, as will be
shown later, this does not necessarily mean that increasing the tempera-
ture will drive more Sb into the metal phase at higher temperatures,

The experimental data from Table 1 are shown qraphically in Fiqure 3.
These data show that, for all slag compositions, the amount of Sb in the
metal phase increases with increasina temperature. The data for the same
system as determined by Pelzel (1959, p. 559), Barthel (1957, pn. 630),
and Williams (1936, p, 226) are also shown qraphically in Fiqure 3 and are
given in tabular form in Apnendix VIII. It is seen from the data of
Pelzel and Barthel that, for a given slag composition, the amount of Sb
in the metal phase decreases with increasing temperature, Williams' data
at BOOOC, however, are a reasonable extension of the data from this in-
vestigation., The reason for the disparity between Barthel's and Pelzel's
data and the data from this investigation cannot be readily determined
due to the lack of experimental details in their papers,

Fiqure 3 shows the extent of the phase regions in the PbO-Sb203
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system, Threé reqions can be noticed: 1) at low Sb203 contents of the
slag phase, the equilibrium Sb content of the metal phase increases with
increasing Sb203 content of the slag phase, indicating a single-phase
solid-solution slag region, 2) above the solid-solution slag region, the
equilibrium Sb content of the metal phase is constant with increasing
Sb203 content of the slag phase, ﬁndicatinq a two-phase slag region,

and 3) above the two-phase slaq reqgion, the equilibrium Sb content of
the metal phase again increases with increasing szo3 content of the
slag phase, indicating a single-phase liquid slag region. The reason
for the shape of the isotherms is evident from Equation (3) since in a
single-phase slag region, the aSb203 and appg are not constant with

slag composition; whereas, in a two-phase slag region, both a5b203 and
3ppg are constant with slag composition. The determination of the ter-
minal points on the isotherms in the two-phase slag region parallel to
the slag composition axis will be discussed in a later section of this
chapter,

Earlier in this section it was mentioned that, because the slag-
metal reaction is exothermic, it is not necessarily true that increasing
the reaction temperature will drive more Sb into the metal phase., Con-
sidering the general slag-metal reaction of the type being studied in
this investigation, several possibilities will be discussed relative to
this behavior at single slag compositions in the single-phase slag

regions and across an entire two-phase slaq region., The general slag-

metal reaction under consideration is as follows:
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for which

¢ _ Me203
e
T ey (110)°
By rearranging Equation (6),
a
Me,0
3ppo X Keq

and taking the log of both sides of the equation,

aMeZO3
2 log % Me = 1log 3 log Keq
3ppo
from which
aMe20
e = -1
log % Me % log 3 s 10g Keq

(5)

(6)

(7)

(8)

(9)
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From Equation (9), it is seen that the behavior of log % Me with respect
to temperature is dependent on the difference between ) the log of the
temperature-dependent activity ratio and % the log of the temperature-
dependent equilibrium constant, If the activities of the oxide slag
constituents were known, the behavior of the equilibrium Me content of
the metal phase could be predicted from Equation (9), but these activ-
ities are not known for either the Pb0-5b203 or the PbO-AsZO3 systems.
The log of the activity ratio will increase or decrease with increasing
temperature, depending on the behavior of the individual activities of
the slag components with increasing temperature. For an exothermic
reaction, log Keq decreases with increasing temperature. Thus it is the
relative rate of increase or decrease of the % log activity ratio with
respect to the rate of decrease of % log Keq which determines whether
log % Me increases or decreases with increasing temperature, Figure 4
illustrates several possibilities for the behavior of log % Me as a
function of temperature under various exothermic reaction conditions.
The scale is exaggerated vertically for clarity,

For an exothermic reaction, the log % Me will increase with in-
creasing temperature for conditions represented by cases I and II and
will decrease with increasing temperature for conditions represented by
case III. Since the log % Me is increasing with increasing temperature
for cases I and IT, the % Me is increasing with increasing temperature.
For case III, the Tog % Me is decreasing with increasing temperature,

thus the % Me is decreasing with increasing temperature.
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FIG 4, Behavior of log % ﬂgﬂwith %-for Slan-Metal Reactions under Exothermic

a
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A mixed behavior system would be possible if the % log of the
activity ratio curves change slope at different slag compositions. In
this case the log % Me could increase with increasing temperature in
one slag composition ranage and decrease with increasing temperature in
another slag composition ranqe.

A peculiar case was found in this investigation for the Pb-(PbO+
Sb203) system, Fiqgure 3 shows that, at all slag compositions, the
amount of Sb dissolved in the metal phase increases with increasing
temperature. Since Equation (4) shows that the equilibrium reaction is
exothermic, the behavior of log % Me which is expected in the two-phase

slag region and in the single-phase slag region should be similar to

a
Sby04

that illustrated by case I or Il in Fiqure 4., The values of % log

a
PbO
for the two-phase slag region and for a selected composition in the

single-phase liquid slag region calculated from the data in Table 1 by
using Equation (3) are given along with the values of % log Keq from
Table 11 in tabular form in Table 13 and in graphical form in Figure 5.
From Figure 5 it is seen that the behavior of the system is represented
by case II from Figure 4 in the two-phase slag region and case I in the
single-phase slag region., In the sinqgle-phase liquid slag region, the
activity ratio is increasing with temperature; while in the two-phase
slag region, the activity ratio is nearly constant with temperature,
This Tlatter fact is the peculiarity of the Pb-(PbO+Sb203) system and
can be used to advantage in the following calculation, the results of

which will be used later in this chapter,
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The equation of the form of Equation (9) which is applicable to the
Pb-(Pb0+Sb203) system is as follows:

a5b203
Tog % Sb = % log —5 - L log Keq (10)
3pp0

Substituting the expression for log K __ from Equation (4) into Equation

eq
(7)s
a
Sb,0
Tog % $b = % log —=2 - 220+ 1,835 (1)
2pbo
Since LI and 3ppp are constant with slag composition in the two-phase

273
slag region at a given temperature and since the activity ratio is not

a function of temperature (it is parallel to the reciprocal of the absolute

temperature axis in Figure 5), Equation (11) becomes

2490 %5b,05
109 % §.t2. = o= "‘T"""’ ;i ]OQ —a&én—n—- + 1,835 (12)
qpp0

which is linear as a function of %m Therefore, the plot of log % Sb
versus the reciprocal of the absolute temperature should be a straight

line with a slope of -2490,
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By plotting the log of the equilibrium Sb content of the metal phase
versus the reciprocal of the absolute temperature from the experimental
data from Table 1 which is in the two-phase slag region and by determin-
ing the best straight line by the method of least squares, the following

equation is obtained within the limits of experimental error:

+ 1,399 (13)

log % sb = - 222

Since this plot has a slope of -2490 and the activity ratio is independ-

ent of temperature, then

%sb,04
5 1og ===+ 1,835 = 1,399 (14)

a0

thus,

= -0,872 (15)

from which
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Thus the activity ratio is equal to 0,134 at 650°, 700°, and 750°C. In
the single-phase slag regions, such a treatment is not possible over
the entire region because a and a vary with slag composition,
Sb203 PbO

and the activity ratio varies with temperature,

Further use of these relationships will be deferred until the sec-
tion in this chapter on the use of equilibrium data to determine phase
diagrams and thermodynamic data.

Slag-Metal Equilibria in the Pb-(PbO+A3203) System. The equilibrium

reaction under consideration in this system can be represented as follows:

28

1 wt % + 3Pb0(2‘)$ A5203(2) + 3Pb(2) (]7)

For this reaction, the equilibrium constant is

3
app, X %s,0,
Keq = — - (18)

aPbo X aﬁi

With the same assumptions that were used in the treatment on the Pb-(PbO+

Sb203) system, since again the amounts of A5204 and A5205 are negligible

as shown by the data in Table 14, Equation (18) becomes

a
As,0

oo (% A3)°

Keq
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Table 14, Activity Ratios for the Various Arsenic Oxides Based on Au02

Set by the 2PbO )\ == 2Pb )y + 0y ) Equilibrium at 700°C

Reaction G, Activity Ratio Value
cal/mole 02

2AS0.,. \ + 0, == 2As.0 30,800 s 1,94 x 10°10
2°3(g) T V2= ™M2Ya(s) ’ a '
A5203
aA5205 =
——
2A5204(s) + 02(2A5205(S) '34.620 a 4026 X ]0
A5204

Keq for the above reaction cannot be calculated directly from liter-
ature data because no data are available for the activity of As in As-Pb
alloys. However, by assuming that As and Pb form an ideal solution
(Davey, 1962, p. 574-575) and by using the appropriate data from Table 11
(see Appendix IX for the detailed calculation),

2860

log Keq = == 0,778 (20)

Equation (2) was obtained by the method of least squares from a plot of

log K. versus the reciprocal of absolute temperature. (No confidence

eq
limit for Equation (20) can be given since no limits were given on the
literature data from which it was calculated.) Since the slope of this
plot is positive, the equilibrium reaction is exothermic,

The only experimental data available in the literature on the Pb-
(PbO+A5203) system is given by Pelzel (1958, p. 61-63)., He determined
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from his data that log Ke = . 2700 , 7,70 for a reaction similar to the

q T
one studied in this investigation., He gives no data on the As content

of the metal phase as a function of slag composition and temperature,

Figure 6 shows the extent of the phase regions in the PbO—AsZO3
system. The phase regions shown are analogous to the regions found in
the PbO-Sb203 system but differ in level and terminal composition., The
determination of the terminal points of the isotherms in the two-phase
region will be discussed in a later section of this chapter,

The Pb-(PbO+AsZO3) system, as can be seen from Figure 6, exhibits
two types of behavior, At A5203 contents of the slag-phase in the
single-phase solid-solution region and in the two-phase region, the As
content of the metal phase decreases with increasing temperature. At
A5203 contents of the slag phase in the single-phase liquid region,
the As content of the metal phase increases with increasing temperature,
Since the equilibrium reaction is exothermic, the above facts indicate
that the behavior of % the log of activity ratio as a function of tem-
perature is illustrated by case III from Figure 4 in the single-phase
solid-solution slag region and the two-phase slag region and case I or
IT in the single-phase liquid slag region. Thus this system is an
example of the mixed behavior system described earlier, Values of

a
As,0
% log —~3£-§ calculated from the experimental data in Table 2 and

a
PbO
values of % log Keq calculated from thermodynamic data in Table 11 are

shown in tabular form in Table 15 and in graphical form in Figure 7 to

illustrate this mixed behavior,
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The equation of the form of Equation (9) which is applicable to the

Pb-(PbO+AsZO3) system is as follows:

aA5203
log % As = I log 3 - % log Keq (21)
)

Substituting the expression for log K from Equation (20) into Equation

(21),

eq

a
As,0

log % As = % log 32 3. 1ﬁ?° + 0,389 (22)
3ph0

Even though in the two-phase slag region aA5203 and appq are independent
of slag composition, the log of the activity ratio is not independent of
temperature, so the equation analagous to Equation (12) may not neces-
sarily be linear as a function of %-with a slope of -1430 but may be
another function of temperature,

However, by plotting the log of the equilibrium As content of the
metal phase versus the reciprocal of the absolute temperature from the
experimental data from Table 2 which is in the two-phase slag region
and by determining the best straight line by the method of least squares,

the following equation is obtained within the limits of experimental

error:
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Tog % As = 2. 2,321 (23)

There is no theoretical justification for the plot of log % As versus
the reciprocal of absolute temperature to be linear in the two=-phase

as..0

3
4ppo

absolute temperature is linear. The graph in Figure 7 indicates that

versus the reciprocal of

slag region unless the plot of % log

the log of the activity ratio versus the reciprocal of absolute tempera-
ture is close to being linear, Therefore, Equation (23) is an approxi-
mate expression for determining the % As in the metal phase as a func-

tion of temperature,

a
As,0
However, assuming that the plot of % log 3 is linear in %»in
a
PbO

the two-phase slag region, equating Equations (22) and (23), and sim=-

plifying, the following expression is obtained:

a
As,0

log 32 3 . 4?50 - 5.420 (24)
3p0

From this expression, the activity ratio of the slag components in the
two-phase slag region can be calculated approximately at any tempera-

ture,
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Further use of this expression will be deferred until the section
in this chapter on the determination of phase diagrams from slag-metal

equilibria data.

The Evaluation of Slag-Metal Equilibria Data for the Determination of

Phase Diagrams and Thermodynamic Data for the PbO-Sb203 and PbO-sASZO3

Systems

Several uses can be made of the slag-metal equilibria data obtained
in this investigation., By proper treatment of the data, the phase dia-
grams for the oxide slag systems can be determined and compared with the
currently accepted phase diagrams determined from thermal analysis data.
The determination of thermodynamic data such as individual slag com-
ponent activities is not possible from the equilibrium data since only
an activity ratio can be calculated directly. An outside data source
or a reasonably accurate solution model is necessary to determine the
actual activities of the individual oxide slag constituents,

Determination of the Phase Diagram for the PbO-rich End of PbO-Sb203

System. In this section, the phase diagram for the PbO-rich end of the
PbO--szO3 system will be determined from the slag-metal equilibrium data
from the Pb-(PbO+Sb203) system and will be compared with the diagram
determined by thermal analysis in this investigation and with the dia-
gram determined by other investigators.

The determination of the phase diagram from slag-metal equilibrium

data can be initiated by substitution of the relation a; = xixi into
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Equation (15), which represents the temperature-independent, constant
activity ratio at all slag compositions in the two-phase slag region,

to give

XSb203 XSb203
Tog - = - 0.872 (25)

3
¥ pbo Xpbo

By rearranging Equation (25), the following working expression is obtained:

X

¥sb,0, b0,
log — = - log 3 - 0.872 (26)
L Xpbo
1 sb,0
Therefore, in the two-phase slag region, a plot of log - versus
¥
Xsb,0 PbO
log 3 should be a temperature-independent straight line with a
X
PbO

slope of -1 and an intercept of 0,134 since the constant in Equation (26)
is independent of temperature. In the single-phase slag regions, the

percent Sb in the metal phase is some complex function of temperature, so

¥sb,0, X0
the plot of log - versus log should be temperature-dependent
L Xpbo

and not necessarily a straight line. At the phase boundaries, however,
the activities of the PbO and the Sb203 in the equilibrium liquid and

solid phases are equal. Thus, the intersection of the temperature-inde-

pendent straight line in the two-phase slag region and the temperature-
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dependent family of curves in the single-phase slag regions should

determine the liquidus and solidus curves for the phase diagram,

¥sb,0, Xsb,0,
The data for constructing the log 3 versus log — plot
¥ pbo Xpbo
are given in Table 16, and the plot itself is shown in Fiqure 8. By
*sb,0,
using the values of 3 obtained from the intersections of the tem-
X
PbO

perature-independent straight line and the temperature-dependent curves
shown in Table 17 along with the relationship XSb203 + XpbO = 1, the
liquidus and solidus compositions given in Table 18 are obtained. As
can be seen from Figure 8, the Pb0-5b203 system possesses a fairly

large region of solid solubility of Sb203 in PbO since the temperature-
independent straight line is intersected by another curve from a single-
phase region at a Tow mole fraction ratio.

Figure 8 also shows that Henry's Law is not obeyed by Sb203 over
any large composition range in the PbO-rich end of the PbO-Sb203 system,
If Henry's Law were obeyed in this region, the isotherm would become

Xsb,0

para11e1 to the log -—52—— axis because XSb 0 would become constant

Xpbo 273

and XPbO would be approximately equal to unity.

The PbO-rich end of the Pb0-5b203 phase diagram was also determined
by thermal analysis in this investigation. These data were presented
in Table 3 and are shown graphically in Figure 9 along with the thermal

analysis data (given in Appendix X) determined by other investigators.
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X
Sb,0
Table 17, Values of 2.3 for Determination of the Liquidus and Solidus
Apbo
Curves for the Pb0-Sb,0, System at 650°, 700°, and 750°C
Temperature, XSb 0 XSb
OC 23 for ]1’qu'idus ____2.__}_ for solidus
Xpho Xpho
650 0,154 -
700 0.227 0,041
750 0.330 -

Table 18, Liquidus and Solidus Compositions in the PbO-Sb203 System

Determined from Slag-Metal Equilibria in the Pb-(Pb0+Sb203)

System at 650°, 700°, and 750°C

Temperature, Liquidus Composition, Solidus Composition,
°c *$b,0, %sb,0,
650 0,181 -
700 0,143 0,037
750 0.108 -

The liquidus break was well-defined in each cooling curve that was run,
but the second break in the cooling curves was not the shape of the

normal eutectic thermal arrest. These second breaks were assumed to be
the eutectic arrests, however, because they occurred at nearly the same

temperature in each of the cooling curves. Both Maier and Hincke (1932,
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p. 3-12) and Henning and Kohlmeyer (1957, p. 8-15) noticed the same
effect in their cooling curves. The somewhat vitreous nature of the
PbO—Sb203 slags in the PbO-rich region probably accounts for this be-
havior, Neither Maier and Hincke nor Henning and Kohlmeyer found any
solid solubility in the Pb0-Sb,0, slags because they did not run cool-
ing curves at compositions low enough in Sb203 to put them in the solid-
solution region as determined from this investigation, One cooling
curve run at 4 mole % Sb203 in this investigation, however, did not
reveal the solidus or solvus.

A summary and comparison of the phase diagram data as determined
from thermal analysis and slag-metal equilibria are given in Table 19,

and the phase diagram as determined in this investigation is shown in

Figure 10, The PbO-rich end of the PbO-Sb203 system shows a eutectic

Table 19. Comparison of the Liquidus Compositions in the Pb0-5b203
System as Determined from Thermal Analysis and from Slag-

Metal Equilibria

Liquidus Composition Determined from

Temperature, Thermal Analysis, Slag-Metal Equilibria,
o %sb,0, *sb,,0,
650 0.181 0.181
700 0.144 0.143
750 0.106 0.108

at a temperature of 604°C and a composition of 21.6 mole % sz 3 If



T-1067

Temperature,
o

FIG, 10. Phase Diagram for the PbO-rich End of the Pb0-3b203 System

900

800

700

600

500

© -Thermal Analysis
A -Slag-Metal Equil-
ibrium

L + PbO*Sb,0

o)
S

G + PbO* Sb203

273

20
Mole % Sb203

30

83



T-1067

the solidus temperature is assumed to be a linear function of composi-
tion, the maximum solid solubility of sz()3 in Pb0 is approximately 5.6
mole %. The intermediate compound PbOoSb203 was detected in slags from
the equilibrations and the thermal analyses, and the proposed X-ray
diffraction pattern for this compound is given in Table 10,

Determination of the Phase Diagram for the PbO=-rich End of the

PbO-AsZO3 System, In this section, the phase diagram for the PbO-rich

end of the PbOwA5203 system will be determined from the slag-metal
equilibrium data from the Pb-(PbO+A5203) system using the same technique
that was employed in the preceding section. This diagram will be com-
pared with the diagram determined by thermal analysis in this investi-
gation and with the diagram determined by another investigator.

It has been shown earlier that the log of the activity ratio in
the Pb-(PbO+AsZO3) system is not independent of temperature in the two-
phase slag region, but that it is nearly linear in %u However, this
fact does not negate the usefulness of this method for the phase dia-
gram determination., The only difference between this application and
the one employed in the PbO~Sb203 phase diagram determination is that
there is not a single temperature~independent straight line in the two-
phase region for the Pb0~A5203 system, but a straight line for each
temperature since the constant in Equation (24) is temperature-dependent.
This then results in a separate curve for each temperature in both the
single~- and two-phase slag regions, The slope of each of the straight

lines in the two-phase slag region is still -1, and the intersection
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of the 1ine in the two-phase slag region with those in the single-phase

slag regions still determines the solidus and liquidus curves,

Y As,0 *as,0,
The data for constructing the log 3 versus log 3 plot
PbO Xpho
are given in Table 20, and the plot itself is shown in Figure 11, By
- *as,0,
the use of the values of 3 obtained from the intersections of the
Xpbo
straight lines in the two-phase region and the curves in the single-
phase regions shown in Table 21 along with the relationship XAS 0.t
273

XPbO = 1, the liquidus and solidus compositions given in Table 22 are
obtained. As can be seen from Figure 11, the PbO—A5203 system possesses
a fairly large region of solid solubility. Figure 11 also shows that
Henry's Law is not obeyed by Aszo3 over any large range in the Pb0O-rich
end of the PbO-A5203 system for the same reasons given in the discussion
on the PbO-Sb203 system,

The PbO-rich end of the PbO-A5203 phase diagram was also determined
by thermal analysis in this investigation, These data were presented in
Table 4 and are shown graphically in Figure 12 along with the thermal
analysis data (given in Appendix X) estimated from Pelzel (1959, p. 558).
The Tiquidus break was well-defined in each cooling curve run at Tow
A5203 compositions but was less well-defined as the amount of A5203 in-
creased and the slags became more glassy. The eutectic thermal arrest

was not observed in any of the cooling curves., Pelzel also recorded no
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X

As,0
Table 21, Values of 32 3 for Determination of the Liquidus and
Xpbo
Solidus Curves for the PbO-Aszog System at 6500, 7000.
750°¢C -
Temperature, X X
oc _féggi for liquidus A§203 for solidus
X X
Pb0 PbO
650 0,290 -
700 0,230 ¥ 0.075
750 0.162 -

Table 22, Liquidus and Solidus Compositions in the PbO-A5203 System
Determined from Slag-Metal Equilibria in the Pb-(Pb0+A3203)
System at 650°, 700°, and 750°C

Temperature, Liquidus Composition, Solidus Composition,
° XAszo3 xA5203
650 0.166 - -
700 0,145 0,056
750 0.114 -

eutectic arrests, No solid solubility was noted by Pelzel because he
did not run cooling curves at compositions low enough in A3203 to detect
it; however, the solidus break was recorded at a slag composition of 3.8
mole % A5203 in this investigation.

A summary and comparison of the phase:diagram data as determined
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from thermal analysis and slag-metal equilibria are given in Table 23,
and the phase diagram as determined in this investigation is shown in
Figure 13. The eutectic temperature, the eutectic composition, and the
maximum solid solubility of A5203 in Pb0 can not be determined from
these data because the eutectic thermal arrest was not observed in the

cooling curves,

Table 23, Comparison of the Liquidus Compositions in the PbO—A5203
System as Determined from Thermal Analysis and from Slag-
Metal Equilibria

Temperature, Liquidus Composition Determined from
o¢ Thermal Analysis, Slag-Metal Equilibria,
X X
A5203 A5203
650 0.169 0.166
700 0.143 0.145
750 0.110 0.114

Determination of Thermodynamic Data for the PbO-Sb203 System. The

determination of individual component activity data directly from the
slag-metal equilibria data is not possible since only an activity ratio
can be calculated, Therefore, an outside source of activity data for
the PbO-Sb203 system or an applicable solution model is necessary to
make these calculations. Maier and Hincke (1932, p. 3-12) made vapor
pressure determinations in the PbO-Sb203 system at 697°C by the inert

gas saturation method, Their measurements (shown in Appendix XI) were
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made at approximately 20 wt % intervals in the Sb203-rich region, but
only one measurement was made in the composition range of interest in
this investigation., This measurement at 14.4 mole % Sb203 gave a pres-
sure of Sb203 equal to 0,08 mm Hg and was barely detectable by their
technique. Using the pressure of pure Sb203 as 13.0 mm Hg as they did,
an a5b203 equal to 0.0062 and a be203 equal to 0.043 can be calculated.
Substituting aSb203 = 0,0062 into Equation (16), since the above slag
composition is directly on the liquidus, gives qppg = 0.359. This

value is probably not reliable since the value of the pressure of the
Sb203 is questionable.

A Gibbs-Duhem integration of Maier and Hincke's data (shown in
Appendix XII) yields little of direct value due to the small number of
widely spread experimental points, except it indicates that the Pb0—5b203
system is not regular or sub-regular since 9 is not constant or linear as
a function of composition and that it deviates strongly in the negative
direction from Raoult's Law. Since the PbO-Sb203 system is not ideal or
regular and since there is appreciable solid solubility of Sb203 in PbO,
the freezing-point depression method using the ideal or regular solution
assumptions can not be successfully applied to determine the ap0 and,

thus, the a Therefore, due to the lack of an appropriate solution

model, no reliable values for a or a can be determined from the
Sb203 Pb0

slag-metal equilibrium data, A detailed study of the activity of Sb203
in PbO-Sb203 mixtures is necessary to determine accurate data which

could be compared with the results of this slag-metal equilibria study.
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Determination of Thermodynamic Data for the PbO-A5203 System, The

same problem exists in the PbO-A5203 system that exists in the PbO-Sb203
system in that there is no outside source of data in the literature from
which activity calculations can be made. A plot (shown in Appendix XIII)
similar to that used by Lumsden (1959, p. 170) using the experimental
slag-metal equilibria data from the single-phase slag region indicates
that the solution is not regular. Therefore, there is no appropriate
solution model for making activity calculations. As with the PbO-Sb203
system, a detailed study of the activity of A3203 in PbO-A5203 mixtures
is necessary to determine accurate data which could be compared with the

results of this slag-metal equilibria study.

Effect of 1 wt % Bi and 1 wt % Cu on the Pb-(Pb0+Sb203) and the Pb-(Pb0+

As,0, Equilibria at 700°C

The effect of “"third-element" impurities on the slag-metal equilibria
in the Pb-(Pb0+Sb203) and Pb-(Pb0+A5203) systems was studied at 700°C
rather qualitatively in order to get an idea of whether or not these
impurities would hinder the removal of Sb or As from multicomponent lead
alloys under reduced pressure conditions., Bi and Cu were chosen as im-
purities to be studied because they would not be selectively oxidized
by Pb0 and would remain at constant composition in the metal phase and
because they are common impurities in lead blast furnace bullion,

Effect of 1 wt % Bi and 1 wt % Cu on the Pb-(Pb0+Sb203) Equilibria

at 700°c, Equilibrations were run on the Pb-(Pb0+Sb203) system at slag
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compositions in both the single- and two-phase slag regions with the
addition of 1 wt % Bi and Cu both individually and collectively, These
equilibrium data are given in Table 1. In both the single- and two-phase
slag regions, the equilibrium Sb content of the metal phase was increased
over the value for the pure system by the addition of 1 % Bi and 1 % Cu
both individually and collectively.

In the two-phase slag region, the effect of Bi was quite small, in=-
creasing the Sb content only from 0,070 to 0.072%. The effect of Cu,
however, was much more pronounced and increased the equilibrium Sb con-
tent of the metal phase from 0.070 to 0.,103%. This increase in the
equilibrium Sb content in the presence of impurity elements indicates an
attraction in the metal phase between the Sb and the Bi and Cu and

9 an f

thus negative interaction parameters, e;b = ___giiﬂl » for each

T /%0

pair of elements, When both the Bi and Cu were present in the metal
phase, the equilibrium Sb content of the metal phase was lower than when
only Cu was present, This fact indicates an attraction between Cu and Bi
which results from too small a concentration of Sb in the metal phase to
satisfy the Cu, This then Teads to a probable negative interaction
parameter between Cu and Bi,

In the single-phase slag region, the effect of Bi on the equilibrium
Sb content of the metal phase was much greater than in the two-phase slag
region, while the effect of Cu was not as great. Bi increased the equi-

librium Sb content from 0,707 to 0,840% while Cu increased it from 0,707
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to 0,950%. These results indicate that while the effect of Bi on the Sb
is still not as great as Cu at high Sb concentrations in the metal phase,
the attraction between Bi and Sb increases at higher concentrations of Sb,
The increase of the equilibrium Sb content when both Bi and Cu are present
over that when only Cu is present also indicates the increasing negativity
of the interaction parameter of Bi on Sb with increasing Sb concentration.
The interaction parameter of Cu on Sb becomes less negative with increas-
ing concentration of Sb in the metal phase.

From this qualitative picture of what is occurring in the metal
phase when Bi and Cu are present, it can be seen that the presence of
either or both of these elements would probably hinder the removal of Sb
from a Pb-Sb alloy by a vacuum process -- Cu being the more harmful, The
severity of the effect of both elements combined is not a function of
the Sb content of the metal phase, although the Sb content does effect
the variation caused by the individual elements.

Effect of 1 wt % Bi and 1 wt % Cu on the Pb-(PbO+A5203) Equilibria

at 700°C., The same type of equilibrations were run on the Pb-(PbO+A5203)
syste;raere run on the Pb-(Pb0+Sb203) system to determine the effect of
1wt % Bi and 1 wt % Cu on the equilibrium As contents of the metal phase
at 700°C. The results of these equilibrations are given in Table 2. In
both the single- and two-phase slaq reaqions, the equilibrium As content
of the metal phase was increased over the value of the pure system by the

addition of the impurity elements,

In the two-phase slaq region, the behavior of As in the metal phase
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was nearly identical to the behavior of Sb described in the preceding
section, Bi had essentially no effect while Cu had a quite pronounced
effect., The amount of the increase shown by Cu was greater relative to
the initial equilibrium impurity content for the Pb-(PbO+A5203) system
than for the Pb-(Pb0+Sb203) system, indicating a probably greater attrac-
tion between As and Cu than between Sb and Cu. However, since the same
initial impurity level concentration was not involved, any further com-
parison might not be meaningful. It can be said that the interaction
parameter between As and Cu is quite negative, while the interaction para-
meter between As and Bi is essentially zero at low As concentrations in
the metal phase,

In the single-phase slag region, a somewhat different behavior was
observed in the Pb-(Pb0+A5203) system than in the Pb-(Pb0+Sb203) system,
Both Bi and Cu separately increased the equilibrium As content of the
metal phase by approximately the same amount -- from 0,474 to 0.568% for
Bi and from 0.474 to 0.580% for Cu., When both Bi and Cu were present,
the equilibrium As content of the metal phase increased from 0,474 to
0.824%. These results indicate that the effect of Bi increases with in-
creasing As content of the metal phase, that the effect of Cu decreases
with increasing As content of the metal phase, and that the effect of
both Bi and Cu is approximately additive at higher As contents of the
metal phase,

From this qualitative picture of what is occurring in the metal

phase when Bi and Cu are present, it can be said that the presence of
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either or both of these elements would probably also hinder the removal
of As from a Pb-As alloy by a vacuum process -- Cu being the more harm-
ful. The severity of the effect of the elements combined does not seem
to be a function of the As content of the metal phase even though the

As content does affect the variations caused by Bi and Cu individually,

Application of Vacuum Techniques to the Removal of Sb and As from Lead

Bullion at 700°C

The major purpose of this investigation is to gain an insight into
the application of vacuum techniques to the softening of Sb- and As-con-
taining lead bullion, The current practice for the softening of lead
bullion is a selective oxidation process in which the dissolved impurity
metal is oxidized by a suitable oxidizing agent to the impurity metal
oxide which is then dissolved in a slag, This slag must then be re-
moved from the softening furnace and treated separately to obtain the
impurity oxides in a form suitable for recovering the impurity metals,
In reverberatory softening, air and/or Pb0 are used as the oxidizing
agents, and a complex mixture of non-volatile Pb0O-pentavalent oxide
is usually ob-

compounds such as PbO-SbZOS, 2 Pb0*Sb 05, and PbO°A$20

2 5
tained which must be fumed in the presence of carbon to obtain the

volatile trivalent oxides for further treatment. In kettle softening
with sodium salts, a complex non-volatile mixture of sodium arsenates

and antimonates is produced which again is difficult to treat to recover

the impurity oxides for further treatment.
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It is proposed that, by using vacuum techniques in conjunction with
PbO as the oxidizing agent to soften lead bullion, a grade of lead of
commercial acceptability can be produced because the equilibrium re-
actions previously studied in this investigation can be forced to the
right by reduced pressure since the impurity oxides are mainly in the
highly volatile trivalent form in the slag. The impurity oxides can then
be removed from the slag by volatilization and recovered as a fairly
high-grade condensate. The oxides are removed from the slag by volatili=-
zation until either no slag is left on the surface of the melt or the
composition of the slag is at or near equilibrium in the solid-solution
region of the PbO-impurity oxide system where the equilibrium impurity
content of the metal phase is very low.

The experiments in this investigation were performed by agitating
the slag-metal melt under the desired temperature and pressure conditions
in a crucible with an upright cylindrical condenser resting on a shoulder
around the crucible. The crucible and the condenser were positioned
inside a vacuum chamber. Such an apparatus could be used on an industrial
scale; however, handling problems might be prohibitive. A more suitable
type of apparatus for use on an industrial scale would be the bell-type
vacuum chamber which is currently used for vacuum dezincing of desilver-
ized lead bullion. In this apparatus, the bell is lowered into the
kettle containing the molten lead, and a vacuum is impressed on the
externally-agitated system. The lead acts as a vacuum seal. The zinc

is vaporized from the lead and condenses on the horizontal inside upper

99
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surface of the bell. When the vacuum treatment is completed, the bell
is Tifted out of the kettle, and the zinc is chipped from the condenser
surface, The vacuum softening treatment would be analogous to the
dezincing treatment, except the Sb203 and A5203 would be vaporized from
the slag layer on top of the lead and would condense on the inside upper
surface of the bell. The condensate could be removed from the bell by
jarring or bumping,

A Dortmund-Horder apparatus or other similar types of apparatus
used for vacuum degassing of steel would not be suitable for use in
vacuum softening because it is necessary that the Sb203 and A5203 con=-
densate be easily removed from the interior of the vacuum chamber,
These types of apparatus have been designed for removal of non-condensible
gases from a metal melt,

The process of softening an Sb- or As-containing lead bullion with
Pb0 at atmospheric or reduced pressure involves the transport of Sb and
As from the metallic solution to the surface of the condenser, Fiqure
14 illustrates the steps involved in this transport. These steps are
as follows:

1) transport of Me to the metal boundary layer

2) transport of bt to the slag boundary layer adjacent to the

slag-metal interface

3) transport of Me through the metal boundary layer by diffusion

4) transport of Pb++ through the slag boundary layer adjacent

to the slag-metal interface by diffusion
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FIG., 14, Steps Involved in the Transport of Me to Me,0, on the Condenser

Surface
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5) reaction of Me with Pb++ at the slag-metal interface by electro-
chemical exchange

6) transport of Me+++ through the slag boundary layer adjacent to
the slag-metal interface by diffusion

7) transport of Pb through the metal boundary layer by diffusion

8) transport of Me+++ to the slag boundary layer at the free slag
surface

9) transport of Me+++ through the slag boundary layer at the free
slag surface by diffusion

+ and 0" at the free slag surface

10) surface diffusion of Me'
11) chemical combination of Met™ and 07 at the free slag surface
to form Me203

12) desorption of Me203 from the free slag surface

13) transport of Me203 through the gas phase

14) condensation of Me203 on the condensing surface

The overall rate of the softening process either at atmospheric or
reduced pressure is determined by which of the above step or steps is
the slowest. As can be seen from the above model, the softening process
is quite complex, but several of the steps can be eliminated as rate-
determining due to the physical parameters of the system., By making
some additional assumptions, other steps can be eliminated as rate-
determining,

Steps 1, 2, and 8 can be eliminated as rate-determining since both

the slag and metal phases are agitated. Step 14 can be eliminated because
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the condenser is a large area of cold surface, The elimination of step
13 as rate-determining is questionable since this step is dependent on
the mean free path of the M9203 molecules which is, in turn, dependent on
the system pressure. In a good vacuum, step 13 can be eliminated; at
atmospheric pressure, step 13 probably cannot be eliminated. Step 5
can be eliminated as rate-determining because the reaction at the slag-
metal interface is probably quite rapid due to its electrochemical nature.
Since the slag phase is concentrated in PbO and the metal phase is a
Pb alloy dilute in Me, it can be assumed that the concentrations of pp**
in the slag boundary layer and the Pb in the metal boundary layer are
virtually the same as in the bulk slag and metal phases. Therefore, the
diffusion-controlled steps 4 and 7 can be eliminated as rate-determining.

++

By assuming that both surface diffusion of Met™ and the chemical com-

bination of MeH'+

and 0" to form Me,0, are rapid since the free slag
surface is concentrated in 02, steps 10 and 11 can be eliminated as rate-
determining.

PbO—Sb203 and PbO-AsZO3 slags are quite viscous in the temperature
range encountered in this process, so steps 6 and 9, which involve
diffusion of Me+++ in the slag phase, cannot be eliminated as rate=-
determining, No data are available in the literature on the diffusivity

of Sb+++ or As+++

in PbO-Sb203 or PbO-A3203 melts, However, by analogy
to other slag systems of similar viscosity such as Si and Al in calcium
alumino-silicate slags near the slag melting point, (Towers and Chipman,

1957, p. 769-73 and Henderson, Yang, and Derge, 1961, p. 56-60), an
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estimate of 1078 - 10 cmz/sec for the diffusivity of Sb™ ' and Astt
might be reasonable. A minimum value of 3.1 x 10'4 cm2/sec (Doege, 1963,
p. 835-9) for the diffusivity of Sb in Pb indicates that the diffusion

of Sb in Pb is several orders of magnitude faster than the diffusion of
Sb+++ in Pb0-5b203 slags. Therefore, step 3 can be eliminated as rate-
determining,

From the above discussion, four steps -- 6, 9, 12, and 13 -~ could
be rate-determining in the softening process conducted at atmospheric
pressure; and three steps -- 6, 9, and 12 -- could be rate-determining
in the softening process conducted in a vacuum. Steps 6 and 9 are dif-
fusion of ettt in the slag-phase boundary layer at the slag-metal and
slag-gas interfaces respectively, step 12 is desorption of M9203 at the
free slag surface, and step 13 is transport of Me203 through the gas
phase, In the following paragraphs, some derivations will be made from
which the rate-determining step or steps in the process could be deter-
mined in both the atmospheric and reduced pressure softening processes
if the appropriate data were available.

Consider first the free slag surface. Steps 9, 12 or 13 could be
the rate-determining processes. The flux of AN through the slag

boundary layer of the stirred melt is given by the following equation

according to Machlin (1960, p. 314):

M 2
4D, +++ t°
M N Me M S
JMe+++ = AC_________TJ (cMe+++ - cMe+++) (27)
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where Cme+++ is the concentration of Me+++

Cae+++ is the mean concentration of Me+
++

in the bulk of the slag;

* at the slag surface; D$e+++
is the diffusion coefficient of Me+ in the slag; t' is the lifetime
of an element of surface as determined by the rate of stirring, and A
is the area of the free slag surface. For the present purpose, Equa-

tion (27) can be simplified to

M _ M M S
JMe+++ = AkMe+++ (CMe+++ - CMe+++) (28)
M - - +H+
where kMe+++ is the mass transfer coefficient of Me in the slag,

The desorption of atoms of Me203 from the surface may be described

105

by the Hertz-Langmuir-Knudsen equation (Knacke and Stranski, 1956, p. 181):

M
Me, 05

J = A —————

~ 29
Me,0, 2oRT % Pe0, (29)

where & is the vaporization coefficient; MMe 0 is the atomic weight of
273
Me,0,; and ps is the equilibrium vapor pressure of Me,0, at the sur=
273 Me203 273
face of the melt, Moreoveg pae 0 is given by the following thermodynamic
273

relation:

S

S
pMeZO X (30)

= pO ¥
3 Me203 Me203 Me203
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where pae203 is the vapor pressure of pure Me203 at the interface tem-

perature and concentration; XMe 0 is the Raoultian activity coefficient

=273

of Me,0,, and XS is the mole fraction of Me,0, at the free slag sur-
273 Me203 273

face.

For dilute solutions of Me,0, in PbO, the value of XS may be
273 Mezo3

calculated from the following equation:

xS - PbO S (31)
Mezo3 M ?Pbo Me 203

Substituting Equations (30) and (31) into Equation (29), the following

equation is obtained for the evaporative flux from the slag surface:

S
(o ) €
E _ Pb0 Me203 Me203 Me203 (32)

J =
Me,0 :
273 Cpbo/2 ™ MMe203. RT

Ag M

Equation (32) can be simplified to

¢S (33)

E E
J = Ak
Me,0 Me,0 Me203

273 273

where kﬁe 0 is the evaporative mass transfer coefficient of Me203 from
2

3
the free slag surface,
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Having derived the equations for the flux of ions through the slag
boundary layer and for desorption flux from the surface of the slag, it
is now possible to separate the factors contributing to the overall
kinetics of the process. Since the fluxes to and from the free slag

surface must be equal:

M
Me,0
273 M I
(..___.___) JMe+++ = J

(34)
2 MMe+++ Me203
Substituting Equations (28) and (33) into equation (34), it is found
that
M
Me,0 )
23 M ( M S ) E S
( s | A ki) 444 | C 44+ - OO +++ )] = Ak C (35)
2 MMe+++ Me Me Me Me203 Me203
However CS = _fﬁfiﬁii_ CS +++ from stoichiometr Therefore
* “Me,0 2 M, +++ | Me Y !
273 Me
M M S _ E S
A kygttt (Cr'4e+++ - CMe+++) = P hie0, Crettt (36)
from which
S M
CMe+++ ) kMe+++ (37)
M - M E
CMe+++ kMe+++ + kMe 0

273
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Two limiting cases of Equation (37) are possible:

E Cae+++
Me.0.* —— > 1, surface depletion is negligible,

273 Cme+++
and evaporation is rate-controlling,

M
1) kMe+++ >> k

CS +++
E M Me . .
2) k >> Ky, +++, emme——— > 0, surface is highly depleted, and
Me,0 Me
2”3 Chettt

diffusion is rate-=controlling.

Also, an intermediate case of Equation (37) is possible:

M E Ca +++
1) k, +++ = k s 0 << = < 1, surface depletion is mod-
Me Me,0 M
273 cMe+++

erate, and the system is controlled both by evaporation and
diffusion,
The data presently existing in the literature are not sufficient
to allow an accurate calculation of kme+++ and k§e+++' However, an

approximate calculation can be made for the PbO-Sb203 slags by making

the assumptions at 700°C and X = 0,144 that
Sb203
1) o +er = 1079 e ince this Pb0-Sb,0, slag is quit
Sh = cm-/sec since this -5b,04 slag is quite
viscous,
2) t' = 0.394 sec from system geometry,
3) XSbZO3 0.043, which was determined from Maier and Hincke's

vapor pressure data, and
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4) that ¢ = 1 under reduced pressure.

The resulting kgb 0. = 2.24 x 10'3 cm/sec and k§b+++ = 2,24 x ]0‘5 cm/sec,
2°3
C§b+++
The value of v from Equation (37) is 0.0097. This value indicates
Csb+++

that the limiting case 2 is approached by the system, Thus, the slag
surface is highly depleted in Sby0, and diffusion of Sb™"" through the
boundary layer adjacent to the free slag surface is rate-determining
under vacuum conditions.,

The value of o under atmospheric pressure conditions would not
be unity since each Sb203 molecule that escapes the free slag surface
does not reach the condenser due to molecular collision. If 1 >4 > 0.1,

CS ++4+

Sb

M
Sb

= 0,092 when

the above model would probably still be valid since

Cop +++

o= 0,1, However, if o were much less than 0.1, the intermediate case of
Equation (37) would be obtained, and the system would be controlled by
both diffusion and desorption at the free slag surface.

From the above discussion, it can be concluded that the softening
of Sb-containing lead bullion is probably controlled by diffusion
through the boundary layer at the free slag surface, Similar calcula-
tions for As-containing lead bullion is not possible since individual
component activity data is not available in the literature from which

vapor pressures of As203 can be determined. A much more detailed in-
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investigation of the process is necessary before the kinetics of the
entire process can be completely determined.

The following portion of this investigation is not intended as a
rigorous kinetic study to determine the validity of the proposed soften-
ing mechanism, It is intended as a feasibility study to determine if
a vacuum softening process for Sb- apnd As-containing lead bullion is
possible, As a result, many techniques using varying stoichiometric
amounts of Pb0 were tried at atmospheric pressure and at vacuums of
200u and 25y Hg pressure in order to determine the best conditions for
the removal of Sb from a 1 wt % Sb-Pb alloy at 700°C. The optimum
conditions for Sb removal were then applied to As removal from a 1 wt
% As-Pb alloy, and finally the optimum conditions for Sb removal were
applied to both Sb and As removal together in a bullion without and
with Bi and Cu present, Each set of associated techniques will be
discussed separately in the following sections, The X-ray diffraction
data for the slags and condensates produced are presented in Table 10.

Removal of Sb from a 1 wt % Sb-Pb Alloy with Pb0O under Reduced

Pressure at 700°C. The data for the removal of Sb from a 1 wt % Sb=-Pb

alloy with PbO are given in tabular form in Table 5 and in graphical
form in Figures 15-20. The amounts of PbO used were 0, 1, 3, and 6
times the stoichiometric amount necessary to react with all of the
dissolved Sb, and the pressures used were atmospheric, 200u Hg, and 25u
Hg.

The first tests that were run (A and B) were blanks to determine
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whether Sb could be selectively distilled from a 1 wt % Sb-Pb alloy at
atmospheric pressure or under a vacuum of 25u at 700°C. The results
of these tests are shown in Figure 15. The vapor pressures of Pb(l)

and Sb(g) are given by the expressions (Richards, 1961, p. 353-358):

Tog b3, (atm) = - 2234 4,691 + 0,437 {}£¥¥1 *an = - ] (38)

and

log pg, (atm) = 5%19-+ 3,236 (39)

from which p3, = 8.43 x 107® atm and pQ, = 2.56 x 1073 atm at 700°C.
Since the ag, in the 1 wt % Sb-Pb alloys is equal to ngXSb and ng at
700°C is equal to 0,798 and X, = 0.0184, pg, = ag pg, = §opXspPep =
3.76 X 10'5 atm., From these calculations, it can be seen the vapor
pressure of Sb in the 1 wt % Sb-Pb alloy is slightly greater than the
vapor pressure of the Pb. The difference, however, is not enough to
enable an effective separation as is shown by the data in Table 5 for
tests A and B, in which the composition of the alloy remained essentially
constant during a 12-hr period, both at atmospheric pressure and at 25u
Hg pressure. The condensate showed slightly more Sb than Pb in the

chemical analysis and both Pb and Sb in the X-ray diffraction analysis.

The second series of tests conducted (C through F) was designed to
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FIG, 15, Removal of Sb from a 1 Wt % Sb-Pb Alloy by Vacuum Distillation
at 700°C
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reproduce in the laboratory what actually occurs in the commercial
softening process when Pb0 is used as the oxidizing agent., The results
are shown graphically in Figure 16, Amounts of PbO varying from 0 to 6
times the stoichiometric amount to react with all of the dissolved Sb
in the initial 1 wt % Sb-Pb alloy were added to the melt which was not
protected by an inert atmosphere, The final Sb content of the metal
phase varied from 0,014 to 0008%, which is comparable to commercial
practice. In each test, a constant composition of the metal phase was
reached between 1 and 3 hr, After about 1 hr of agitation, a large
amount of solid Pb0 suddenly appeared on the surface of the melt, and
by the end of the test between 30 and 59% of the Pb had been oxidized
to PbO, As a result, the Sb content of this slag was very low, and
only a Pb0O pattern was detectable by X-ray diffraction analysis. The
amount of condensate produced in these tests was so small that none
could be obtained for chemical or X-ray analysis., However, the conden-
sate which was visible was a bright yellow, indicating that it was
probably Pb0, In these tests, the high Au02 present in the system
probably caused oxidation of the Sb in the initial alloy to Sb204 and
Sb205, which have low volatilities, and thus no appreciable volatiliza-
tion was noted because the Sb204 and Sb205 were combined in the slag
with PbO as lead antimonates. The weight balance on the entire system
accounted for 9.5 gm Sb in the slag phase out of 10 gm initially in the
metal phase, This series of tests duplicates commercial practice

except that the amount of Pb oxidized was too high, the times involved
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FIG, 16, Removal of Sb from a 1 Wt % Sb-Pb Alloy with Varying Stoichio-
metric Amounts of PbO in Air at 700°C
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were too short, and the Sb content of the slag was too low in the
laboratory tests.

The third series of tests (G through R) was designed to ascertain
whether vacuum techniques could be applied to the removal of Sb from
a lwt?% Sb-Pb alloy at 700°C using Pb0 as the oxidizing agent. This
series of tests was run in an inert atmosphere so that the Au02 of the
system was controlled by the Pb-Pb0 equilibrium, and thus the primary
antimony-containing species in the slag would be the highly volatile
Sb203. Amounts of PbO varying from 1 to 6 times the stoichiometric
amount necessary to react with all of the dissolved Sb were added to
the melt both as single additions and stepwise additions. During
these tests, the pressure of Ar in the reaction tube was maintained at
1 atm, 200u, or 25u Hg, and the melt was agitated at 100 rpm,

In many of the runs in this series of tests, slag samples could
not be obtained due to the small amount of slag present on the surface
of the melt or due to the fact that the slag was solid. Slag samples
were taken when possible, however. The condensate samples were taken
at the conclusion of each run by scraping down the sides of the con-
denser, In all cases the condensate was non-adherent to the sides of
the condenser and was coherent in itself, so all of the condensate
was removed from the condenser. However, due to the nature of the ex-
periment, it was not possible to take a condensate sample for each
metal and slag sample, Thus a rigorous kinetic study of the system

to determine the rate-determining step or steps would not be meaningful
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based on the data which could be taken. The following paragraphs will
merely attempt to point out whether the vacuum treatment for the re-
moval of Sb from a 1 wt % Sb-Pb alloy is possible and under what con-
ditions it works the best. The value of 0,010% residual Sb in the
metal phase was chosen as the criterion for determining the relative
merit of a set of conditions, since this value is the maximum tolerable
Sb content for most grades of commercial lead except antimonial lead.
For the sake of conservation of space, the symbols 1 Pb0O, 3 Pb0, and
6 PbO will be used to denote the number of stoichiometric amounts of
Pb0 added to the reaction system.

The results obtained from adding 1 Pb0O to the 1 wt % Sh-Pb alloy
at 700°C under pressures of 1 atm, 200u, and 25u Hg are shown in Table 5
as tests G, H, and I and graphically in Figure 17, The addition of
1 PbO to the melt resulted under all pressure conditions in a residual
Sb content of the metal phase of greater than 0.010% Sb after 12 hr,
and so by the previously mentioned criterion was unsuccessful, However,
by closer examination of the tests, a basis of comparison for other con-
ditions will be established. Three important factors must be considered
for each test: 1) the Sb203 content of the slag phase, since this con-
trols the equilibrium Sb content of the metal phase, and the reduced
pressure merely shifts the equilibrium, 2) the time required to achieve
a 0.010% Sb content of the metal phase, and 3) the amount, Sb content,
and constituents of the condensate.

Test G at atmospheric pressure showed a rapid decrease from 0,965%
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FIG. 17, Removal of Sb from a 1 Wt % Sb-Pb Alloy with Stoichiometric
PbO at 700°C in an Inert Atmosphere
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to 0,387% Sb in the metal phase after % hr, followed by a gradual in-
crease from 0.387% to a constant value of 0.440% Sb after 6 hr. Only
one slag sample could be taken during this test due to the small amount
of slag present after % hr. The slag sample taken at % hr gave
be203 = 0,186, Eleven gm of condensate were produced with an analysis
of 58% Sb, Sb203 and Pb were the major constituents of the condensate,
along with a small amount of Pb0O as determined from X-ray diffraction.
From Figure 3, the equilibrium Sb content of the metal-phase in equi-
Tibrium with a slag with XSb203 = 0,186 is 0.175% Sb. Thus at % hr,
the system was not at equilibrium, and the actual Sb content of the
metal phase was higher than the equilibrium value. Since only this
one slag sample could be obtained, it is difficult to say what happened
after % hr to cause the increase in the Sb content of the metal phase,
but it could possibly have been that the Sb203 content of the small
amount of slag that was present increased as the system attempted to
come to equilibrium and forced Sb back into the metal phase. However,
this Sb203 was removed from the remaining slag by volatilization,
essentially freezing the system when the slag completely disappeared.
Test H at 200u Hg pressure showed a rapid decrease from 0.990% to
0.285% Sb in the metal phase after % hr, followed by a slower decrease
from 0.285% to 0.198% Sb between % and 2 hr, and then a fairly constant,
even slower, decrease from 0,198% to 0.131% Sb between 2 and 12 hr,

Again only one slag sample could be taken due to the small amount of

slag present after % hr, This slag sample taken at % hr gave XSb 0. =
273

0.214, Eighteen gm of condensate were produced with an analysis of
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47.1% Sb, The major constituents of the slag were Sb203 and Pb along
with an appreciable amount of PbO., From Figure 3, the equilibrium Sb
content of the metal phase in equilibrium with a slag of XSb203 = 0,214
is 0,303% Sb., Thus at % hr, the system was displaced from equilibrium
by the reduced pressure, and the actual Sb content of the metal phase
was lower than the equilibrium value determined at atmospheric pressure,
These results indicate that the reduced pressure above the melt was
forcing the reaction to the right by concentrating the Sb203 formed in
the slag phase and removing it by volatilization faster than the Sb
could return to the metal phase by the reverse reaction. This con-
clusion was again based on the analysis of only one slag sample; so
what happened after % hr is again difficult to say, but possibly it was
the continuation of the above-mentioned process.

Test I at 25u Hg pressure showed a rapid decrease from 0,985% to
0.268% Sb in the metal phase after % hr, followed by a slower decrease
from 0,268% to 0.133% Sb between % and 2 hr, and then a fairly con-
stant even slower decrease from 0,133% to 0,067% Sb between 2 and 12
hr. No slag samples were obtained in this test due to the small amount
present, Fifty-one gm of condensate were produced with an analysis of
32.0% Sb. The major constituents of the condensate again were Sb203
and Pb with appreciable amounts of PbO and Sb., The amount of Pb was
increased over that found in Test H, and some metallic Sb was detected
by X-ray diffraction. Since no slag samples.were taken, nothing can

be said regarding what happened in the system,
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In tests G, H, and I, the amount of condensate increased as the
pressure in the reaction tube was decreased, while the Sb content of
the condensate decreased as the pressure was decreased. This is due
to the fact that as the pressure was decreased, the slag was removed
from the surface of the melt faster by volatilization, exposing the
clean Tead surface and thus allowing more Pb to be volatilized while
approximately the same amount of Sb203 volatilized,

Since the use of 1 PbO proved unsatisfactory for removing Sb from
alwt? Sb-Pb alloy to the desired 0,010% Sb Tevel under reduced
pressure at 700°C due to insufficient Pb0 in the slag to react with
the Sb in the metal phase and also to give slag compositions in the
single-phase solid-solution slag region, 3 Pb0 was added to the alloy.
The results from this series of tests are shown in Table 5 as tests J,
K, and L and graphically in Figure 18, The addition of 3 PbO to the
melt resulted under all pressure conditions in a residual Sb content
of the metal phase of less than that found for the 1 Pb0 addition and,
under 25y Hg pressure conditions, in a residual Sb content below 0.010%
Sb.

Test J at atmospheric pressure showed a rapid decrease from
0.965% to a minimum 0.024% Sb in the metal phase after 2 hr, followed
by a gradual increase from 0.024% to 0.029% Sb between 2 and 12 hr.
Three slag samples were taken in this test at %, 1, and 2 hr. These
samples showed, respectively, XSb20 = (0,166, 0.150, and 0,104, After

3
2 hr, a small amount of slag was present on the melt, but samples
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FIG, 18, Removal of Sb from a 1 Wt % Sb-Pb Alloy with 3 Stoichiometric
PbO at 700°C in an Inert Atmosphere
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could not be obtained, Fifteen gm of condensate were obtained with an
analysis of 42,1% Sb. X-ray diffraction patterns showed that Sb203 and
Pb were the major constituents of the condensate along with an appreci-
able amount of PbO. From Figure 3, the equilibrium Sb contents of the
metal phase corresponding to the slag compositions mentioned above are
0.115%, 0.084%, and 0.071% Sb. The actual metal-phase compositions
were 0,136%, 0.078%, and 0,024% Sb, From these data, the system was
not at equilibrium at any time up to 2 hr, since the actual Sb content
of the metal phase was higher than the equilibrium value initially,
but Tower in the ensuing time period. The slag samples at % and 1 hr
showed that the slags at those times were in the single-phase liquid
slag region and were decreasing in composition to the value shown by
the slag sample at 2 hr, which was in the two-phase slag region. This
decrease in the slag composition probably continued until the slag
composition was in the sinagle-phase solid-solution region, Since the
composition of the metal phase increased slightly with time after 2
hr and since the composition of the slag phase was probably decreasing
with time, an equilibrium point was probably reached at about 12 hr,
where the composition of the slag was reduced to a point in the single-
phase solid-solution slag region where the equilibrium Sb content of
the metal phase was 0.029% Sb,

Test K at 200u Hg pressure showed a rapid decrease from 0,990%
to 0.027% Sb in the metal phase after 1 hr, followed by a slower

decrease from 0,027% to a constant 0.014% Sb between 1 and 6 hr. Four
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slag samples were taken in this test at %, 1, 2 and 12 hr, These
samples showed respectively XSb203 = 0,140, 0,100, 0,084, and 0,014,
Thirty-five gm of condensate were produced which analyzed 28.0% Sb.,
X-ray diffraction patterns showed that Sb203 and Pb were the major con-
stituents of the condensate along with an increasing amount of PbO,
From Figure 3, the equilibrium Sb contents of the metal phase corres-
ponding to the slag compositions mentioned above are 0.071% Sb for the
first three and 0,017% Sb for the last. The actual metal phase com-
positions were 0,063%, 0.027%, 0.020%, and 0.014% Sb., These data
showed that the system was displaced from equilibrium during the test,
but it was approaching equilibrium at 12 hr since the actual Sb con-
tents of the metaTl phase were lower than the equilibrium values at all
times except at 12 hr, when the values were quite close. The slag
sampies at %, 1, and 2 hr showed that these slags were in the two-phase
slag region and were continuously decreasing in composition, This
decrease in composition continued until the slag composition was in the
single-phase solid-solution:slag region as shown by the slag sample at
12 hr, and equilibrium was nearly reached,

Test L at 25u Hg pressure was the first test in the entire series
of experiments which was successful in reducing the Sb content of the
initial 1 wt % Sb=-Pb alloy to a value below 0,010% Sb in any time less
than 12 hr, Test L showed a rapid decrease from 0.985% to 0.019% Sb

in the metal phase after 1 hr, followed by a continuous slower decrease

from 0,019% to 0.005% Sb between 1 and 12 hr. At 7 hr, the composition
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of the metal phase was 0.010% Sb, Three slag samples were obtained in
this test at %, 1, and 12 hr and showed respectively XSb203 = 0,120,
0.106, and 0,008, Ninety-one gm of condensate analyzing 10.1% Sb were
produced, X-ray diffraction patterns showed that Pb was the major
constituent of the condensate, along with detectable amounts of Sb203
and Pb0, From Figure 3, the equilibrium Sb contents of the metal phase
corresponding to the slag compositions mentioned above are 0.071% Sb
for the first two and 0.005% for the last. The actual metal phase com-
positions were 0,028%, 0.019%, and 0.005% Sb., Again the system was
displaced from equilibrium in the initial stages of the run but did
reach equilibrium toward the end of the run. The slag samples at % and
1 hr showed that these slags were in the two-phase slag region and were
continuously decreasing in composition., The decrease in composition
continued until the slag composition was in the single-phase solid-
solution slag region as shown by the sample at 12 hr, and equilibrium
was reached,

The experiment represented by test L was successful as far as
removing Sb from the alloy to a value below 0,010% Sb., However, the 7
hr required to do this was considered to be too long, and the 10,1% Sb
condensate grade was too Tow. Therefore, a set of conditions was
sought which would reduce the time required to reach 0.010% Sb in the
metal phase and produce a condensate grade substantially higher than
10% Sb. Two methods were decided upon as possibilities for accomplish-
ing these objectives: 1) addition of more than 3 Pb0 to the system

and 2) addition of 3 PbO in 3 equal 1 Pb0 additions., In method 1 the
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additional Pb0 in the system would force the slag into the solid-solution
slag-phase region quicker and thus reduce the Sb content of the metal
phase quicker. However, in the high Pb0O slag which would be quickly
formed, the Sb,0, content might be low enough that the vapor pressure of

273
the Sb,0, would be so Tow as to produce low Sb condensates. In method
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2 the addition of 3 PbO in 3 equal additions would keep the Sb203 con-
tent of the slag phase quite high initially and allow rapid volatiliza-
tion of the Sb203 to produce a high Sb condensate until most of the Sb
is removed from the metal phase. Subsequent additions of PbO would
then dilute the slag into the single-phase solid-solution slag region
and accomplish low residual Sb contents of the metal phase.

Method 1 was attempted first by the addition of 6 PbO to the 1 wt
% Sb-Pb alloy at 700°C under pressures of 1 atm, 200u, and 25u Hg,
The results from these tests are shown in Table 5 as tests M, N, and 0
and graphically in Figure 19, The addition of 6 PbO to the melt re-
sulted under all pressure conditions in a faster removal of the Sb from
the metal phase than was accomplished in the 3 PbO runs. In the atmos-
pheric’pressure and 200u tests, the residual Sb content was 0.,011% Sb
and was reached in 3 hr., The removal was initially faster in the 200u
run, but the compositions of the metal phase at 3 hr were the same, In
the 25y run, a residual Sb content of the metal phase of 0.005% Sb was
obtained at 12 hr, However, the level of 0.010% Sb was reached in
slightly less than 2 hr, The only slag samples that were obtained in

these runs were at the end of each run since the slags were solid
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FIG. 19. Removal of Sb from a 1 Wt % Sb-Pb Alloy with 6 Stoichiometric
PbO at 700°C in an Inert Atmosphere
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during the course of the run. The analyses of the slags at the end of

each run showed that the slag compositions were well into the single-
phase solid-solution slag region. The amount of condensate produced in
each test was less than the amount produced in the 3 PbO runs because
the surface of the melt was covered with PbO throughout the run and did
not allow as much Pb to volatilize. The grade of the condensate was
also lower than in the 3 PbO runs -~ 31,7% Sb at atmospheric pressure,

22.0% Sb at 200u, and 11.6% Sb at 25u. The constituents of the con-

densates were essentially the same as in the 3 PbO runs, except that the
amount of Pb0O was substantially greater. From these data, the method of
adding more than 3 Pb0 to the melt at 25u was successful in reducing the
time required to produce a residual Sb content of 0.010% Sb but was not
successful in increasing the condensate grade.

Method 2 was then attempted by adding 3 PbO to the alloy in 1 PbO
additions at 0, 1, and 2 hr. The results from these tests are shown in

Table 5 as tests P, Q, and R and graphically in Figure 20. This series

of tests was successful in that it pointed out the conditions under which

the Sb content of the metal phase could be reduced to 0.010% Sb and below

in a relatively short period of time and a high Sb condensate could be

produced. Of the experiments in this series of tests, test Q run at a

pressure of 200u Hg is of greatest interest since the level of 0,010% Sb
in the metal phase was reached in just over 2% hr, and the condensate

grade was 53.6% Sb, Test P run at atmospheric pressure yielded a conden-
sate grade of 72,3% Sb, but the 0.010% Sb level in the metal phase was

not reached due to the slow removal of Sb203 from the slag by volatili-

zation, Test R run at 25u pressure reached the 0.010% Sb level in the
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FIG. 20, Removal of Sb from a 1 wt % Sb-Pb Alloy with 3 Stoichiometric
PbO0 Added Stepwise at 700°C in an Inert Atmosphere
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metal phase in slightly less than 2% hr, but the condensate grade was
16.1% Sb due to the much larger amounts of both Pb and PbO which were
volatilized at the lower pressure,

In test Q, the Sb content of the metal phase was reduced rapidly
from 0.,985% to 0.300% after 1 hr by the first Pb0 addition, which was
made at time zero. The slag samples taken at % and 1 hr showed

X
Sb203

phase liquid slag region and from Figure 3 have equilibrium Sb contents
of the metal phase of 0.770% and 0.495% Sb. The actual metal phase
contained 0,354% and 0,300% Sb., Thus a non-equilibrium condition
existed at these times in which the actual composition of the metal
phase was below the equilibrium composition., On the second addition of
1 Pb0O, which was made at 1 hr, the Sb content of the metal phase de-
creased from 0.300% to 0,016% Sb after 2 hr, Only one slag sample
could be taken in this period during the run because the slag at 2 hr
was mostly solid material., This slag sample taken at 1% hr showed

X = 0,094, which is in the two-phase slag region and has an equi-

Sb,0

1ibi13m composition of 0,071% Sb. The actual metal phase composition
at this time was 0,031% Sb. The non-equilibrium condition thus per-
sisted at least through 1% hr and probably on through 2 hr, but this
can not be said for sure since no slag sample could be obtained.

It was during the first two Pb0O additions that most of the Sb203

volatilization from the slag probably occurred since the szo3 content

of the slags was quite high. The third addition of 1 Pb0 made at 2 hr

= 0.261 and 0,240, Both of these compositions are in the single-
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lowered the Sb content of the metal phase from 0.016% to 0.004% Sb
between 2 and 12 hr, The composition of 0,010% Sb in the metal phase
occurred at slightly more than 2% hr., Due to the fact that the slag
was mostly solid material during this period of the run, only a sample
of the final slag at 12 hr could be obtained. This slag showed

X = 0,009, which has an equilibrium Sb content of 0.010% Sb. Thus

Sb,0
thezngn-equi1ibrium condition did indeed persist to the end of the
test since the actual Sb content of the metal phase was 0.004% Sb,
From this entire set of tests (G through R), a set of conditions
have been determined in which at 700°C and under reduced pressure the
Sb content of an initial 1 wt % Sb-Pb alloy can be reduced to 0,010%
Sb in 2% hr and to lower values down to 0,004% Sb at longer times if
desired, and a condensate can be produced containing over 50% Sb as
Sb203. These conditions are 1) a pressure above the reaction vessel
of 200u Hg and 2) addition of three times the stoichiometric amount of
Pb0 necessary to oxidize all the dissolved Sb to Sb203 in 1 Pb0 addi-
tions at 1-hr intervals at the beginning of the removal process. The
results of the entire set of tests are summarized in Figure 21, in
which the Sb content of the condensate is plotted as a function of the
number of stoichiometric Pb0 additions made to the system. For each
test, the time is given at which the Sb content of the metal phase was
0.010% Sb, along with the final Sb content of the metal phase at the
end of the test.

The optimum set of conditions for the removal of Sb from the 1 wt %
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* The upper number indicates the final % Sb in the metal phase after 12
hr. The lower number indicates the hr necessary for the % Sb in the
metal phase to reach 0,010%,

FIG 21. Wt % Sb in Condensate Versus Number of Stoichiometric Pb0 Addi-
tions for Removal of Sb from a 1 wt % Sb-Pb Alloy Under Various
Pressure Conditions at 700°C in an Inert Atmosphere
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Sb=Pb alloys with PbO at 700°C will be applied in the following sections
to al wt?% As-Pb alloy, a 1 wt % Sb+1 wt % As-Pb alloy containing no
Cuor Bi, and a 1 wt % Sb+¢1 wt % As-Pb alloy containing 1 wt % Cu and

1 wt % Bi as impurities to determine if a similar removal can be accom-
plished and what the effect of Bi and Cu is on the removal rates., Fi-
nally, this optimum set of conditions will be applied to an artificial
bullion containing 1 wt % Sb, 0.1 wt % As, 0.15 wt % Bi, and 0.02 wt %
Cu as a final test of the process.

Removal of As from a 1 wt % As-Pb Alloy with PbO under Reduced

Pressure at 700°C, The removal of As from a 1 wt % As-Pb alloy at 700°C

under the pressure conditions of 200u Hg and addition of 3 PbO in 1 PbO
additions at 0, 1, 2 hr was successful in that the As content of the
metal phase was reduced to 0.010% As in 6 hr. The results of this test
are shown in Table 7. A comparison between the As and Sb removal tests
under the same conditions is shown in Figure 22. The removal was slower
than the removal of Sb under the same conditions since the second Pb0
addition was not as effective, even though the first Pb0 addition pro-
duced an almost identical removal., The same general behavior was noted
in the As removal that occurred in Sb removal under the same conditions,
except that the condensate grade was considerably lower, The As re-
moval process produced a condensate containing only 6.65% As; whereas,
the Sb removal process produced a condensate containing 53.6% Sb under
the same conditions. The reason for this Tower condensate grade was

that A5203 is substantially more volatile than Sb203, and much of the
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FIG 22, Comparison of Sb and As Removal from 1 wt % Sb-Pb and 1 wt %
As-Pb Alloys with 3 PbO Added Stepwise at 700°C in an Inert
Atmosphere
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Aszo3 escaped the condenser and condensed in the vacuum lines and in the
pump. The vacuum lines were lined with condensate after this test, and
the vacuum pump o0il was considerably dirtier after the test than it was
before the test. An X-ray diffraction pattern of the condensate showed
mostly Pb and Pb0 with a small amount of A5203 present,

Removal of Sb and As from a 1 wt % Sb+1 wt % As-Pb Alloy and from

Lead Bullion with PbO under Reduced Pressure at 700°C. Since Sb and As

could be successfully removed separately from the 1 wt % alloys with

3 Pb0O added in 1 Pb0 additions at 0, 1, and 2 hr under 200u Hg pressure,
both elements were added to pure lead to form a 1 wt % As+1 wt % Sb-Pb
alloy, and this alloy was tested under the same conditions to determine
if both elements could be simultaneously removed from the alloy to the
0.010% level in a reasonable time and what effect, if any, Sb and As

had on each others removal. The results of this test are shown in

Table 8 as test CC. Since Bi and Cu are common non-oxidizable impurities
which almost always occur in lead bullion, test CC was rerun with the
addition of 1 wt % Cu and 1 wt % Bi to the alloy to determine if these
impurities hindered the Sb and As removal as was proposed earlier in

this investigation. The results of this experiment are shown as test

DD in Table 8. The results of tests CC and DD are shown graphically in
Figure 23, Finally, since the amount of As in lead blast furnace bul-
lion is almost always approximately 0.1 of the amount of Sb and since

the amount of Cu and Bi are usually 0,02 to 0.03% and 0.15% respectively,

the ultimate test of this vacuum process was the removal of Sb and As
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FIG, 23, Removal of As and Sb from a 1 wt % As+1 wt % Sb-Pb Alloy with

3 Pb0 Added Stepwise at 700°C in an Inert Atmosphere
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from a bullion of this initial composition, A test was first run without
the Bi and Cu present to determine the effect of the small amount of these
impurities. Since the previous tests showed that in the second half hour
after a Pb0 addition was made, very 1ittle of the Sb or As was removed
from the metal phase, the 3 Ph0 addition was made in 1 Pb0 steps at 0, %,
and 1 hr in an attemnt to decrease the removal time. The results of these
tests are shown as tests EE and FF in Table 8. The results of tests EE
and FF are shown in Fiqure 24,

The results from test CC on the 1 wt % Sb+1 wt % As-Pb alloy showed
several interesting noints, The removal of As from the alloy was much
more rapid in the presence of Sb than when only As was present, and the
ultimate level to which the As is removed was lower, This was probably
due to Sb increasing the activity of As in the alloy and promoting its
reaction with the Pb0. Also the As seemed to be preferentially oxidized
instead of the Sb even though Sb203 has a more neqative a6° of formation
at 700°C. The Sb removal was slower in the presence of As than when
only Sb was present due to this preferential oxidization, The removal of
the Sb and the As to 0.010% total impurity content was accomplished in
just over 3 hr, but the process produced a condensate containing only
14.2% Sb and 5,07% As., The X-ray diffraction pattern of the condensate
showed mostly Pb and Pb0 with readily detectable amounts of Sb203 and
A5203 present, No stray lines were noted to indicate double oxide
formation. The reason for the low condensate qrade was probably that the

Sb903 and the A5203 contents of the slag phase were much lower during
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FIG 24, Removal of As and Sb from a 0,1 wt % As+1 wt % Sb-Pb Alloy with
3 Pb0 Added Stepwise at 700°C in an Inert Atmosphere
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this test and much higher at the end of the test than in the tests on
Sb and As separately. These lower Sb203 and A5203 contents of the slag
phase indicate a reduced activity of the oxides and thus a lower vapor
pressure, Since the oxides were essentially tied up in the slag and
since the slag was solid and exposed a large area of the surface of

the melt, less Sb203. less A5203 and more Pb and Pb0 were volatilized,
resulting in a low condensate grade.

Test DD was run under the same conditions as test CC except that
Twt?% Cuandl wt?% Bi were added to the alloy. The only significant
difference in the results was that the combined Sb and As content of
the metal phase did not reach 0.010% until just under 6 hr, indicating
that these percentages of Cu and Bi in the bullion have a retarding
effect on the removal of Sb and As with Pb0 as was predicted earlier in
this investigation., The amount and the grade of the condensate were
essentially the same in both tests,

The final test of this vacuum snftening process was the removal of
Sb and As from an artificial lead bullion containing 1 wt % Sb and 0,1
wt % As with and without 0,02 wt % Cu and 0,15 wt % Bi, This latter
bullion composition is quite typical of a lead bullion produced in a
blast furnace from sintered lead concentrates., The results of these
tests are shown in Table 8 as tests EE and FF, The 3 Pb0 addition was
made in 1 Pb0 steps at 0,5, and 1 hr to reduce the refining time and
upgrade the condensate by not allowing as much Pb to volatilize, In

these tests, the As was again removed faster than the Sb due to
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increased activity and selective oxidation of the As, The total Sb
and As content was lowered to 0,010% in 2.5 hr and produced a con-
densate containing +37.0% Sb and +3.55% As as Sb203 and ASZO3 in both
tests, The remainder of the condensate was Pb and PbO, The small
amounts of Cu and Bi present in the bullion did not hinder the As

and Sb removal appreciably, as is shown in Figure 24 by the difference
between the metal phase composition in Tests EE and FF, indicating
that decopperization and debismuthization is not necessary before

the vacuum softening process is used,

From the results of these tests, a process using reduced pressure
conditions and Pb0O as an oxidizing agent has been developed in which
the combined Sb and As contents of lead blast furnace bullion contain-
ing initially 1 wt % Sb and 0.10 wt % As can be reduced to 0,010% in a
short period of time, and the Sb and As can be recovered as the triva-
lent oxides in a high-qrade condensate., A large amount of slaqg which
requires subsequent treatment for impurity recovery is not formed and
a large amount of Pb is not oxidized to Pb0 so that the losses of Pt
during refining are low. 1he only Pb that is lost from the reaction
vessel is that which is volatilized, but Pb can be reclaimed from the
condensate,

The conditions under which this process works best at 700°C are
as follows:

1) pressure - 200u Hg
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2) oxidizing agent - 3 Pb0 added in 1 PbO stens at 0, %, and 1 hr
3) atmosphere - inert

Removal of Sb from a 1 wt % Sb-Pb Alloy with Air and O2 at

Atmospheric and Reduced Pressures at 700°C. The removal of Sb from a

1 wt % Sb=-Pb alloy with Pb0 under reduced pressure conditions at 700°¢C
was successful in that the Sb content of the metal phase could be re-
duced &b 0.010% Sb in 2% hr, and a condensate containing over 50% Sb
as szo3 could be produced., The chemical reactions involved in the
process to accomplish this removal were solid-liquid and liquid-liquid
reactions between the Pb0O in the slag and the dissolved Sb to form the
Sb,0, in the slag phase, followed by volatilization of the Sb203 from

273
the slag phase which was nromoted by the reduced pressure, The Au0 in

the system was controlled by the Pb-Pb0 equilibrium which insured tgat
the major Sb-containing species in the slag was the hiqghly volatile Sb203.
It was felt that by attempting to oxidize the dissolved Sb with air
or O2 and utilizing a gas-liquid reaction, the Sb might be oxidized at
a fast enough rate to form slags high in Sb from which the Sb as Sb203
could be easily removed under reduced pressure conditions, This process
might achieve removal rates which would be faster than the rates obtained
when Pb0 was used as an oxidizing agent and would eliminate the necessity
of having the melt stirred by an externally driven agitator. However,

the Au, in the system would be controlled by the O2 in the air or by the

0
2
pure 02. A calculation similar to the one used to determine the data in
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Tables 12 and 14, assuming AAuOZ to be determined by P02 = 1 atm, showed
that Sb203 would no longer be the predominant Sb-containing species in

a slag formed under these conditions. The results of this calculation
are shown in Table 24. The results in Table 24 show that the activity
of Sb204 should be 4790 times greater than the activity of Sb203 and
that the activity of Sb205 should be 13.1 times greater than the acti-
vity of szo3° This fact indicates that the major constituent of a

slag formed by blowing 02 or air into the alloy would be Sb204, which

Table 24. Activity Ratios for the Various Antimony Oxides Based on

Auo Set by P =latm at 700°C

2 0,

Reaction GO, Activity Ratio Value
cal/mole 02

. a
2 5550300y * 02(4)F 2 Sba04(s) -32,800 _aﬂ&_ 4790

Sb203

qh,.0 3

2 Sb204(s) + 02(9)=2 Sb205(s) 22,850 _d_LS_ 2,73 x 10

Sb204

is relatively non-volatile compared to Sb203, Also an appreciable

amount of Pb would be oxidized to PbO due to the high Au Thus any

0 o
2
slag formed would probably be a mixture of PbO, Sb204, and any inter-

mediate compounds which might be formed between the two oxides and

would not allow effective recovery of the Sb in the condensate. In
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the following paragraphs, the results of these tests will be discussed,
and it will be shown that the above-mentioned model is not strictly
followed by the system,

Air and O2 were injected into a 1 wt % Sb=Pb alloy at flow rates
of 70 and 150 cm3/m1n under inert atmosphere and reduced pressure
conditions at 700°C to determine what type of Sb removal and con=-
densate grade could be obtained, The air flow rate of 70 cm3/m1n did
not provide enough 02 to react with all of the Sb in the alloy, but the
test made with this flow rate was used for comparison purposes only,
The air flow rate of 150 cm>/min and the 0, flow rates of 70 and 150
cm3/m1n provided more than enough O2 to react with all of the dissolved
Sb. The lowest vacuums obtainable with the air and 02 being injected
into the system were 125u Hg with the 70 cm3/min flow rate and 500u
Hg with the 150 cm3/min flow rate, The results from this series of
tests are shown in Table 6 and Figure 25.

Tests S and T were conducted by blowing air into the 1 wt %

Sb-Pb alloy at atmospheric pressure at 70 and 150 cm3/min for a per=-
iod of 60 min. Test U was conducted by blowing air into the alloy
under 500u pressure at 150 cm3/min for a period of 60 min, None of
these tests were successful in reducing the Sb content of the metal
phase to values of 0,010% Sb because the removal rates were too slow
and 02 utilization efficiency was too low, However, closer examina-
tion of the tests will point out some characteristics of this type of

process.
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FIG. 25, Removal of Sb from a 1 wt % Sb-Pb Alloy with Air and O2 under
Various Conditions at 700°C
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Test S run at atmospheric pressure with an air flow rate of 70 cm3/min
showed a linear removal curve from 0,923% to 0.591% Sb after 60 min. The
02 utilization efficiency of the removal process was 51.5%, which was
calculated as follows. The initial Sb content of the alloy was 0.923% Sb,
When enough O2 to oxidize one~half of the initial Sb and reduce the Sb
content to 0,.462% had been injected into the melt, the Sb content of the
melt was 0.685%. Thus the Sb content of the metal phase was reduced only
0,238% when it should have been reduced by 0.462% if the O2 in the air
had been 100% utilized. No slag samples could be obtained in this test
since only an oily film was present on the surface of the melt throughout
the test. Three gm of condensate analyzing 33.2% Sb were obtained. An
X-ray diffraction pattern of this condensate showed the presence of Sb203,
Pb, and a small amount of Sb2040 The presence of Sb?_O3 in the condensate,
even though the Au02 in the system is high and favors the oxidation of the
Sb203 to Sb204, indicates that the szO3 that is formed is immediately va-
porized before it has a chance to be oxidized to SbZO4° The small amount
of Sb204 in the condensate, however, indicates that some of the Sb203 is
oxidized as it passes into the condenser,

Test T run at atmospheric pressure with an air flow rate of 150 cm3/m1n
showed a nearly linear Sb removal curve from 0,928% to 0.467% Sb after
60 min. The 02 utilization efficiency of this test was 35.4% based on
oxidation of all of the initial Sb in the alloy. The decrease in the O2
utilization efficiency compared to Test S was probably due to the in-
creased speed of passage of the air bubbles through the melt, which was

caused by the increased flow rate, The 02 in the air bubbles then had

a less sufficient chance to react with the dissolved Sb, The
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quantity of slag produced in this test was sufficient to obtain samples
for each metal sample, The composition of the slag remained fairly con-
stant during the test, varyiné between 22.9 and 26,1 % Sb, indicating
that a relatively steady state existed in the system between the rate
of oxidation of the Sb in the metal phase and the rate of vaporization
of the Sb203 from the slag phase, and that an appreciable amount of Pb
was oxidized by the O2 in the air, Four gm of condensate analyzing
42,3% Sb and containing Sb203. Pb, and a small amount of Sb204 were
produced,

Test U run at 500u Hg pressure with an air flow rate of 150 cm3/min
showed an Sb removal curve in which the Sb removal rate for the first
10 min was nearly the same as the Sb removal rate for the atmospheric
pressure run, However, after 10 min, the removal rate decreased contin-
uously, The final Sb content of the metal phase was 0.690% Sb., The 02
utilization efficiency was 25.4%, which is lower than the test at the
same flow rate at atmospheric pressure. This decrease in the 02 utili=-
zation efficiency was probably due to the decreased pressure above the
melt pulling the air bubbles through the melt faster than they would
ordinarily rise and not allowing the 02 enough time to react with the
Sb in the metal phase. No slag samples could be obtained in this test
since only the oily slag film was present on the surface of the melt.
Without an analysis of the slag samples, a reason for the decrease
in the rate of Sb removal will not be postulated. Five gm of con-

densate analyzing 75.5% Sb and containing a large amount of szo3 and
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small amounts of Pb and Sb?_o4 were produced,

None of the tests using air as the oxidizing agent for the dis-
solved Sb in the alloy were successful in reducing the Sb content of
the metal phase to a value near 0.010% Sb. The condensate grades, how=-
ever, were quite high and increased as the the air flow rate was increased
and when reduced pressure was used, The 02 utilization efficiency,
however, decreased as the flow rate of air was increased and when re-
duced pressure was used.

In an effort to increase the Sb removal rate and improve the 02
utilization efficiency, a series of tests was run with pure 02 as the
oxidizing agent for the Sb under atmospheric pressure and reduced pres-
sure conditions. The O2 flow rates used were 70 and 150 cm3/min° The
results of these tests are given in Table 6 as tests V, W, X, Y, Z, and
AA and are shown graphically in Figure 25,

Test V run at atmospheric pressure with an 02 flow rate of 70 cm3/min
and Test W run at 125u Hg pressure with an 02f1ow rate of 70 cm3/min
showed results analogous to the results obtained in Tests T and U using
air at a flow rate of 150cm3/min, except that the Sb removal rates were
faster producing lower Sb contents of the metal phase in the same period
of time, and the 02 utilization efficiencies were slightly higher at
40,2%. The 02 utilization efficiency of 40.2% in Test V was lower,
however, than the 51.5% determined in Test S for an air flow rate of
70 cm3/m1‘n° This was probably due to the fact that too much O2 was
present in the bubbles, and a portion of it passed through the melt

without reacting. The amounts of condensate produced in tests V and W
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were higher, but the Sb contents of the condensates were of about the
same order of magnitude, and the constituents of the condensate were
the same as in tests T and U, Two important and related occurences
appeared in test V, however, which did not appear in tests T or U, The
first of these was that the test was not run for the intended 60 min
due to the sudden plugqing of the lance between 50 and 52 min, Sec-
ondly, the Sb content of the slag phase began to decrease slowly be-
tween 40 and 50 min and then decrease rapidly between 50 and 52 min
after having maintained a fairly constant level for the first 40 min
of the test, Both of these occurrences were due to an almost instan-
taneous oxidation of a large amount of Pb to Pb0 when the Sh content
of the metal phase reached about 0.1% Sb, The rapid oxidation of the
Pb to PbO occurred just outside the opening in the lance causing it
to plug, and the PbO produced by this oxidation rapidly lowered the
Sb content of the slag by increasing the PbO content. This coxidation
was occurring slowly between 40 and 50 min but did not occur at a
rapid rate until 52 min when the Sb content of the metal phase was
lTow enough to permit rapid oxidation of the Pb,

Since relatively low values for the Sb content of the metal phase
were being approached in test V at about 50 min, an increase in the O2
flow rate should bring about an even faster Sb removal rate. To de-
termine if this would occur, test X was run at atmosphere pressure with
an O2 flow rate of 150 cm3/m1‘n° When compared to the results of test V,

the results of test X showed that the Sb removal rate was about twice




































































































































