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ABSTRACT

The activity of Sb203 in PbO—szo3 slags containing less
than 50 role % Sb203 was determined by the inert-gas satura-
tion method at 700°C. 1In this composition range, the
aétivity of Sby03 shows a strong negative deviation from

ideality. The activity of Pb0 in PbOeSbZO slays contain-

3
ing less than 50 mole % Sb203 was calculated by application
of the Gibbs-Dunem integration to the Sb,04 activity data,.
The activity of Pb0 in slags containing more than 63 nole %
Pb0 is found to deviate in the positive direction fron
ideality while for slags containing less than 63 nole % PbO,
the activity of Pb0 deviates in the negative direction from
ideality.

The activity of Sb,04 in PbO—SiOz—Sb203 (g%%— = 2) slags

2

containing less than 25 mole $% Sb203 was also determined by
the inert-gas saturation method at 700°C. 1In this composiu
tion range, the activity of Sb203 shows a negative
deviation from ideality.

The vééuum removal of As and Sn as oxides from artifi-

cial lead-softening slags was shown not to be technically

feasible at the concentrations and temperatures nornmally
L P
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encountered in the conventional fire refining of lead. The
vacuum removal of Sb as Sb,05 from artificial lead-softening
slags was found to be a relatively fast, efficient method
for the recovery of as much as 80% of the Sb,04 contained in
a 30 wt % Sb,03-5Si0,-Pb0 slag at 750°C. This removal was
'accoﬁplished in 8 hr at 200p Hg pressure by adding 8-10
wt % S5i0, to the slag. The condensate produced in this pro-
cess contained 99 wt % Sb,05.

The activity of As in Pb—ﬁs alloys containing less than
10 mole % As was determined by the inert-gas saturation
method at 703°c. 1In this composition range, the activity

of As exhibits near-ideal-solution behavior.
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INTRODUCTION

The introduction to this investigation is presented in
three parts: 1) the statement of the problemn, outlining the
subject of the investigation, 2) the organization of the
problem, outlining the methods by which the problem was
studied, and 3) the importance of the study, outlining the

reasons for which the problemn was studied.

tatement of the Problem

This investigation makes a survey of the feasibility of
removing impurity oxides, Sb,03 in particular, from arti-
ficial lead-softening slags vunder reduced pressure‘at
elevated temperature., The impurity oxides are recovered as
a pure, solid condensate. In order to describe more fully
the results obtained, a thermodynamic activity study was
carried out on Sb203 dissolved in a slag of optimum compo-
sition., Before any thermodynamic measurements could be
made, however, it was necessary to design and construct a
laboratory apparatus capable of determining vapor pressures
in the range of interest. The necessary equipment was con-

structed and used to verify the available data in the
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literature for the vapor pressure of pure Sb203.
Since arsenic is a common impurity in lead blast-furnace
bullion and has an exceptionally high vapor pressure, a

brief thermodynamic study was made on the Pb-As system at

700°cC.

Organization of the Problemn

The problem was attacked experimentally by first making
a survey of the relative rates of removal under reduced
pressure of A3203,
Artificial lead-softening slags containing the various

Sb203, and SnO2 from Pb0~-based slags.

impurity oxides singly or in combination were prepared and
subjected to reduced pressure at various elevated tempera-
tures, When it became apparent that only Sb203 showed an
appreciable rate of removal, fluxing agents, temperature,
and pressure were varied in an effort to define a set of
optimum operating conditions for the removal of Sb203.

The second portion of the investigation dealt with the
measurement of certain thermodynamic properties of the slag
systems. An apparatus was constructed to measure the vapor

pressure of a volatile material over the range from 10-6 to

-3 ; _—_
atm. Vapor-pressure data for pure cadmium werec

10
obtained and compared with available data in the literature
to establish the reliability of the apparatus. A vapor-

0., was then made to evaluate the

pressure study on pure Sb2 3
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accuracy of the very limited data available in the litera-
ture for this compound. After the vapor pressure of pure
Sb203 was estavlished, an activity study was conducted on
Sb203 dissolved in an artificial lead-softening slag of the
optinum composition as defined by the vacuun—renoval
experiments.

The thermodynamic activity study on the Pb-As system
was confined to dilute alloys of As dissolved in Pb for two
reasons: 1) the vapor pressure of ASy above Pb-As alloys
containing more than 3.5 wt % As exceeds the operating range
of the experimental apparatus, and 2) the concentration of

arsenic in normal lead blast-furnace bullion rarely exceeds

1l wt %.

Importance of the Study

The commercial softening of lead blast-furnace bullion
is accomplished either by selective oxidation of the
impurities by using air and/or Pb0 as the oxidizing agent
'or by chemical means which produce a sodium antimonate. 1In
the former case, a high-antimony slag is produced which
must be retreated in a reverberatory fuming operation or
resmelted with carbon to produce an antimonial-lead product.
The sodium antimonate produced in the latter case can be
reduced to metal or converted into some other antimonv comn-

0,.

pound, usually sz 3
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No work has yet been done to examine the feasibility of
recovering antimony from lead-softening slags by the appli-
cation of vacuum techniques., The experimental work involved
in this study provides a basis for the development of such a
process., The vacuunm removal of antimony from lead-softening
slags coﬁld be desirable because both the time and tempera-
ture of slag treatment would be reduced, and the antimony
would be recovered as a pure oxide without the necessity of

extensive dust~ and fume-recovery equipment.
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SURVEY OF THE LITERATURL

No studies are reported in the literature on the appli-
cation of vacuum techniques to the treatment of lead-
softening slags. Other lead metallurgy processes involving
the use of vacuum technigques such as the vacuum dezincing
of lead bullion and Parkes' crusts are well documented in
the literature but do not bear directly on this study. Con-
ventional lead softening and by-product recovery are repre-
sented in the published literature by a great many articles
which are too numerous to mention individually.

A number of studies have been reported in the literature
that were concerned with the Pb0-5b,04 phase diagramn,

Maiexr and Hincke (1932, p. 3-12) determined the melting-
point diagram for the Pb0-5b,0, system and identified the

3

compound Pb0+Sb.,0 They found the phase diagram for this

2°3°
system to be two simple eutectics located on either side of
the single compound. They also determined a very limited
amount of vapor-pressure data for Sb203 akove PbO--Sb203
melts at 697°C. A second rhase~-diagram investigation was

done by Henning and Kohlmeyer (1957, p., 8-15), who confirmed

the existence of the compound PbO-Sb203 as well as the form
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of the diagram. A disagreenent was noticed, however, in

that their liquidus temperatures over nearly the entire dia-
gram were higher than those reported by Maier and Hincke.
Barthel (1957, p. 630) and Pelzel (1959, p. 558-561) redeter-
mined the liquidus cﬁrve at the PbO~rich end of the

PbO—-Sb203 system and agree very closely with the r€sults of
Maier and Hincke, None of the investigators mentioned above
reported any mnutual solid solubility in the Pb0-5b,0 4

system. Zunkel and Larson (1967, p. 473-477) have determined
the phase diagram for the PbO-rich end of the Pb0~5b,04
system by slag-metal equilibria in the Pb-{Pb0+Sb,03) system
and thermal analysis in the PbO—Sb203 system. Their results
agree favorably with those of Maier and Hincke.,

The vapor pressure of antimony trioxide in the tenmpera-~
ture range from 470° to 800°C has been determined by Hincke
(1930, p. 3869-3877). His results below the melting point are
the only data reported in the published literature,

Myzenkov and Klushin (1965, p. 1709-1718), using the boiling-
point method, have determined the pressure of Sb406 above
liguid Sb203 in the temperature range from 715° to 1025°C.
The agreement between these two studies is not very close.

A portion of the discrepancy lies in the fact that ilincke
used silica crucibles which were attacked by the liquid

Sb,0

3 at high temperatures. This fact does not account,

however, for the large difference at the melting noint.
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Maier (1934, p. 23) gives a brief summary of vapor-pressure
data for Sb406 above pure liquid Sb203, which agree quite
well with the data of Myzenkov and Klushin at temperatures
near the melting point.

Although arsenic has a very high vapof pressure and
vacuun distillation appears to be a likely method for its
removal from lead, the literature offers virtually no infor-
mation concerning the vacuum removal of arsenic from lead.
Caldwell, Spendlove, and St. Clair (1960, p. 1-12) mention
arsenic in their investigation on the removal of volatile
metals from lead by vacuum distillation. They do not, how-
ever, give any data for arsenic removal or refer to any

actual experimental work involving arsenic dissolved in

lead.
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EXPERTMENTAL APPARATUS AND PROCEDURL

The experimental techniques used in this study required

apparatus and procedures ’

1) to determine the loss in weight of a sample in
contact with a dynamic gas phase saturated with
the vapor of the sample under conditions of con-~
stant but different inert-gas flow rates at a
controlled, elevated temperature,

2) to run distillation experiments on binary and ternary
oxide systems in an inert atmosphere and at reduced
pressure at a controlled, elevated temperature,

3) to equilibrate slag-metal systems in an inert atmos-—
phere at atmospheric pressure at a controlled
elevated temperature,

4) ﬁo analyze chenically the various phases produced in
each experiment, and

5) to analyze by X-ray diffraction techniques the slag

and condensate pvhases produced in each experiment,

AEEaratus

The apparatus used in this study consisted of the trans-

portation system for the inert-gas saturation experiments,

8
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the vacuum distillation system, which was used at atmos=-
pheric pressure for the slag-metal equilibration experiments,
and the X~ray diffraction system,

The Transportation System. The transportation systemn,

shown schematically.in Fig. 1 and pictorially in Fig. 2,
allowed for the equilibration of a 1- to 5-gm sample of a
mcetal or oxide phase with an inert carrier gas stream
moving at a known, constant flowrate. DLxperiments were
carried out at atmospheric pressure at a controlled, ele-
vated temperature,

The apparatus consisted of two separate gas-purification
trains and a reaction system, In order to avoid any pos-
sible segregation of the carrier gas and the sample vapor
due to large differences in molecular weight, argon was
selected for the carrier gas. One gas-purification train
admitted the argon carrier gas to the reaction system con-
taining the sample to be studied. ‘A second gas train
admitted argon at a high flow rate to flush the volatile
species away from the reaction zone. Both gas trains were
constructed entirely of Pyrex brand glass tubing,

The gas purification train used for the inert carrier
gas contained a flow meter for the measurement of the gas
flow rate. After passage through the flow meter, the gas
was led first through silica gel and then through anhydrous

magnesium perchlorate drying chambers to remove most of the
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water vapor. A mercury pressure-relief bubbler was placed
in the gas train immediately upstream from the drying
chambers to protect the system from any blockage. It was
found that this method of gas purification was sufficient
for the experiments involving vapor-pressure determinations
on oxide systems. For the experiments involving metal
samples it was found that a slight amount of surface oxida-
tioh took place, In order to eliminate this oxidation, the
argon was mixed with about 1% of hydrogen., This argon/=
hydrogen gas mixture was metered and dried as before. The
gas mixture was then passed over pure copper wool at a
temperature of 500°C to convert the residual oxygen to water
vapor. The remainder of the purification train consisted
of three anhydrous magnesium perchlorate drying chambers
arranged in series to remove the watexr vapor.

The second gas~purification train used for the argon
flushing gas contained a flow meter and silica gei and
anhydrous magnesium perchlorate drying chambers. Since
this gas did not come into direct contact with the sample,
a high degree of purity was not required.,

The reaction system, shown schematically in Fig. 3,
was connected to the purification system by neans of a
short length of vacuum tubing. This connection was orig-
inally made with Tygon brand plastic tubing, but it was

observeda that sufficient water vapor dififused through the
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walls of the tube to recontaninate the carrier gas.

The carrxier gas was admitted to the reaction system
through a modified brass breech connector closing one end
of a 11/16-in.,-0D, 7/16-in.-ID by 24-in.-long high-purity
alunina reaction tube., The sample was placed in a 4~-mmn-
wide by 25-mm-long by 4~mm~deep high-purity alumina com-
bustion boat which fitted tightly into a plug which closed
the other end of the alumina reaction tube. The plug was
machined so as to provide a very close fit with the inside
of the alumina reaction tube, and small channels were
engraved on its surface to guide the carrier gas to the
chamber containing the sample. The plug was constructed
from HBR-grade boron nitride manufactured by the Union
Carbide Corporation, The selection of boron nitride for
the plug was made because of its inert nature, ease of
machining, high-temperature dimensional stability, and
resistance to thermal shock. A stainless steel pushrod was
admitted through a viton O-ring seal in the modified breech
connector to allow for the unloading of the reaction tube
without opening the reaction systen.

The reaction tube was placed inside a 45-mm~-OD, 40-mm-
ID by 36=in.-long Vycor brand glass tube. Closure was
made, on 5ne end, by a brass combustion-tube breech con-
nector from which the sight glass had been removed and a

Viton O-ring seal installed in its place. The breech
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connector was sealed into thé end of the Vycor tube with a
heat-resistant epoxy resin. The O-ring seal provided for a
sliding seal bet@een the alumina reaction tube and the
Vycor tube by means of which the sample could be easily
positioned once it was inside the furnace. The argon
flushing gas was also admitted to the reaction system
through the breech connector.

Closure on the other end of the Vycor tube was achieved
by means of a rubber stopper. A standardized chromel-
alunel measuring thermocouple in a Vycor brand glass sheath
and a gas outlet tube were positioned within the reaction
tube through the rubber stopper. All furnace gases exited
the transportation system through a dibutylphthalate bubbler,

The furnace used in this study was constructed from a
l6é-in.-diameter by 22-in.-long light-gauge, mild steel shell
filled with diatomaceous earth insulation. The heating
elenment consisted of 15 ft of 20-gauge nichrome wire and
was supported by a 2%-in,-0D, 2-1/8-in.-ID by 22-in.-long
mullite tube., The furnace assemnbly was closed on both ends
by 3/8-in,.,-thick transite end plates held by four stainless
steel tie rods. The heating element was wound nonuniformly
so as to yield a 4-in.-long constant-temperature zone in
which the temperature gradient did not exceed 0.5% per
linear inch in the temperature range from 250° to 7500C.

The furnace power was supplied by a Type 116 Powerstat
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operating on 110 VAC. The furnace temperature was con-
trolled by a Barber-Coleman Model 293C Capacitrol and a
20-ft chromel-alumel thermocouple. A variable resistance
shunt was installed around the Capacitrol and adjusted to
bypass 95% of the minimum furnace power required to main-
tain a given furnace temperature., The combination of the
Capacitrol and the power shunt allowed for a maxinun tem-
perature variance within the furnace of +1.5°%C.

The Vacuum Distillation System. The vacuum distilla-

tion system shown schematically in Fig. 4 and pictorially
in Fig. 5 allowed for the distillation of volatile oxides
from 500 gm of PbO-SiOZ-oxide slag in an inert atmosphere
at reduced pressure at a controlled, elevated temperature,
The distillation experiments were carried out in a
3%-in.-0D, 2-3/4-in.-ID by 4%-in.-deep Type 416 stainless
steel crucible., It was found that only the 400 series
stainless steels would withstand the highly corrosive action
of the slags at sustained high temperatures. Type 446
stainless steel was later found to be particularly resis-
tant due to its ferritic rather than martensitic structure
at high temperatures. The crucible was placed on an insu-
lating firebrick pedestal located in the bottom of a
vertically mounted 4-in.~ID, 4%-in.~-OD by 18-in.-long fused-
silica reaction tube wihich was closed on the bottom end.
A condenser section composed of a 3%-in.-ID, 3-3/4-in.-0D

by 1l2-in.-long fused-silica tube, open on both ends,

16
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rested on an annular flange around the top of the stain-
less steel crucible. The condenser served to collect the
products of volatilization and prevented any of the slag
splashed out of the crucible from coming into contact with
the fused-silica reaction tube. The reaction tube was
closed on the open end by a water-cooled brass cap sealed
by an annular silicone rubber gasket and an adjustable
collar clamp. Connected to the brass cap were a sampling
port, a takeoff for the introduction of inert gas, a take-
off to the vacuum pump, and a port housing a Teflon vacuum
feed-through gland. A Type 416 stainless steel, motor-
driven paddle stirrer was introduced into the reaction tube
through the vacuum feed-through gland.

A Lindberg Model 56622 crucible furnace with a 5-in.-ID
by 8-in.-deep heating chamber was used as the source of heat.
The furnace was capable of attaining a maximum temperature
of 1210°C and maintaining a constant temperature zone of
4} in. in the temperature range from 500° to 800°C. The
furnace power was supplied by a Type 236 Powerstat operat-
ing on 220 VAC, A Barber-Coleman HModel 293C Capacitrol and
a 20-ft chromel-alumel thermocouple provided furnace temp-
erature control to within #3°C. The slag-melt temperature
was calibrated with the temperature scale on the controller
to avoid having the thermocouple protection tube remain in

contact with the highly corrosive slag for sustained periods
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of time, The slag-melt temperature was periodically checked
with-a calibrated chromel—-alumel thermocouple enclosed in

a protective Vycor tube to insure that significant tempera-
ture variations did not go unnoticed,

For the experiments operated at reduced pressure, a
Duo-Seal Model. 14028 mechanical pump capable of producing
a vacuum of 1y Hg was used to produce a vacuum in the
reaction tube. The vacuum level was periodically monitored
by means of a lMcLeod gauge. The vacuum was controlled at
the desired level by the introduction of argon through a
modified reverse-taper Teflon stopcock., This method pro-
vided a control of 115p Hg on the vacuum level,

For the experiments operated at atmospheric pressure,
argon at 1 psig was allowed to flood the reaction tube
through a valve in the inert-gas introduction system. Any
leaks in the reaction system could be detected by observing
the flow meter in the inert-gas introduction system,

Periodic sampling of the slag and netal phases was
accomplished by inserting 7-mm Vycor tubes into the melt,
The slags were sampled by inserting a sealed Vycor tube
into the melt-and‘immediately raising it. Approximately
1 gm of slag solidified on the tube and was scraped off_and
retained %or chemical analysis., Samples of the metal phase
were collected with a similar Vycor tube which had a small

hole 3/8 in. above the sealed end. The sample tube was
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lowered into the metal phase, allowed to £ill, and quickly
raised., The metal was then poured into cold water and the
sample dried and retained for chemical analysis,

The X~ray Diffraction System., The X-ray analysis of

the slag and condensate phases was accomplished by means of
standard diffractometer procedures at room temperature.
All diffraction patterns were made with Cu K. radiation at

45 kv and 35 ma with appropriate rate-meter settings.,

Procedure

Three basically different types of experiments were
conducted in this investigation: 1) vapor-pressure deter-
minations on pure metals, alloys, pure oxides, and oxide
slags, 2) rate-of-distillation experiments in an inert
atmosphere at reduced pressure, and 3) slag-metal equili-
brations in an inert atmosphere at atmospheric pressure.
The samples collected during the experiments were analyzed
to determine the composition of the slag and condensate
phases and the impurity content of the metal,

Vapor-Pressure Determinations. The sample whose vapor

pressure was to be determined was placed in the alumina con-
bustion boat so as to fill it as completely as possible.

The combustion boat was then inserted into the boron nitride
plug which, in turn, was inserted into the open end of the

alumina reaction tube. All loading operations were performed
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against a strong flow of argon to prevent air from entering
the system. A bypass line was installed in the flushing

gas train to permit the introduction of argon from either
end of the Vycor tube. The end of the reaction tube was
positioned in the cold end of the Vycor tube for five min-
utes while a current of argon flushed away any ailr that
might be present in the combustion boat. The reaction tube
was then slid into the furnace and the cap of the combustion-
tube breech connector securely fastened. As soon as closure
was effected, the argon bypass line was removed from the
system by a pair of 3-way stopcocks and the flushing gas
allowed to resume its normal flow. The final positioning

of the sample within the furnace was effected by sliding

the reaction tube through the O-ring seal in the cap of the
breech connector. After the sample was in position, the
carrier gas was turned off until the sample attained the
proper temperature. When the sample had reached thermal
‘equilibrium with the furnace, the carrier gas was turned up
to the desired flow rate. This time was recorded as time
zerxro for the experiment.

The time required for the sample to reach thermal
equilibrium with the furnace varied as the character of the
sample changed from metal to oxide and as the temperature
of the experiments was increased. The amount of tine

required for the sample to heat up was determined separately
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for each sample material at each temperature by embedding

a standardized chromel-alumel thermoccouple inside of a dﬁmmy
sample. For the alloys and slags studied, weight losses
during heat-up times were always negligible with respect to
the total weight loss occurring during the experiment.,

When a sufficient time had elapsed, the stainless steel
push rod was used to slide the plug device to the end of the
Vycor tube where the sample was cooled as rapidly as pos=-
sible by a strong blast of air on the outside of the tube.
Lead alloys originally at 700°C were observed to solidify
within 30 seconds after unloading. The end of the experi-
ment was recorded as the moment the plug was pushed out of
the reaction tube.

After cooling for 5 minutes, the plug was removed from
the Vycor tube and placed on a brass cooling block inside a
dessicator., When the sample had reached room temperature,
the combustion boat was weighed on a Mettler semimicro bal-
ance to determine its loss in weight during the experiment.
The Mettler balance was capable of measuring weight changes
of 1 g accurately to 1%.

Sampling of the alloys and slags studied in this inves-
tigation was unnecessary due to the large differences in
vapor pressurce for the various components of the samples.

In all cases, the observed weight losses could be attributed

to only one volatile species,
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The Pb~As alloys were prepared by melting the required

anounts of lead and arsenic together under carbon powder in

a graphite crucible in an inert atmosphere. (Reagent

analyses are given in Appendix I,) The resulting alloy was
then quickly cast into rods in a graphite mold and the mold

quenched in cold water. The Pb0-5i0.,-Sb,0., slags were pre-

2 273

pared by melting together the required amounts of PbO,

5i0,, and Sb203 in a Type 446 stainless steel crucible in

the vacuum distillation apparatus under an inert atmosphere

at atmospheric pressure. When the slag had been thoroughly

mixed, the reaction system was quickly opened and the slag
cast into a cast-iron mold which was then quenched in cold
water. The alumina combustion boats were brought to con-
stant weight by heating for 12 hours in a strong current
of argon at 7500C.

Rate=of-Distillation Experiments. The rate-of-distil-

lation experiments were performed primarily on 500-gm
samples of the Pb0-5b203 and PbO-SiOZ—SbZO3 slags in the
vacuum~distillation apparatus under an inert atmosphere at
reduced pressure., Reagents were mixed in the desired

amounts and placed in the stainless steel crucible; the

crucible was placed inside the fused silica reaction tube;

and the condenser was placed on the crucible. The stirring

assembly was adjusted to a raised position in the brass

cap, the cap was placed over the end of the reaction tube’
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and clamnped securely. After the vacuum line and the inert
gas introduction line was connected by means of ball-and-—
socket joints, the system was evacuated to 50y Hg and flushed
with argon eight times. After the last evacuation, argon

at 1 psig was allowed to flood the system. The furnace,
which had to be set at the desired temperature, was then
raised into position around the reaction tube by means of

a counter-weight system,

When the slag had reached the desired temperature, the
stirrer was lowered into the melt and switched on, and the
argon flow was turned off. The vacuum punp was turned on
and the vacuum level adjusted by means of the Teflon leak-—
valve. This time was recorded at time zero for the experi-
ment, A vacuum of 200u Hg could be attained in about 30
seconds, and a level of 25y Hg required about 2 minutes.

Sampling of the slag was carried out at appropriate
time intervals. When the last sample had been taken, the
stirrer was switched off and raised out of the melt. The
slag was then allowed to furnace cool under an inert
atmosphere at atmospheric pressure to allow crystalliiation
of the slag. When the solidification process was conplete,
the furnace was lowered, and the reaction system was
allowed to air-~cool to room temperature. After the entire
system had cooled to room temperature, the argon flow was

stopped; the brass cap and stirring assembly were
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disconnected and removed; and the condenser and crucible
were removed from the reaction tube. The condensate was
chipped out of the condenser, weighed, and sanpled; and the
slag was sampled for X-ray diffraction analysis. The
remaining slag was melted out of the crucible and cast

into cakes.

Slag-Metal Equilibrations. The same general procedure

as was described in the preceding section was used for the
slag-metal equilibrations, with the exception that the
experiments were carried out at atmospheric pressure,
Approximately 18 hr were required for the establishment
of equilibrium, and therefore sampling was carried out at
2-hr intervals after 18 hr until the analvses of two
consecutive samples of both the slag and metal phases
showed no significant change.

Analysis of the $lag, Condensate, and Metal Phases.

Analyses of the slag and metal phases were pexrformed by
ASTM standard wet methods. The following methods of chemn-
ical analysis were used and are described in Appendix II:
1) Sb and As in oxide slags -~
ASTHM Standard Analysis E46-56, Arsenic and Antimony
by the Distillation-Bromate Method,
2) SS dissolved in Pb =-- same as 1).
3) Sn in oxide slags =-- ASTM Standard Analysis

E57-60, Tin by the Iodimetric Titration Method,
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All Sb203 condensate analyses were furnished through
the courtesy of the Sst. Je«seph Lead Co., Monaca,
Pennsylvania. An outline of their atomic absorption pro-
cedure is included in Appendix II., As was previously
mentioned in the discussion of apparatus, the slags and

condensates were analyzed by standard X-ray diffraction

procedures using Cu K, radiation at room temperature.
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EXPERIMENTAL RuSULTS

The experimental results of this investigation are
classified in four separate categories according to the
type of experiment involved: 1) vapor-pressure determnina-

tions for Cd, Sb20 PL0~Sb.,0_, and PbO-SiOz—Sb203 slags,

3’ 23

and Pb~As alloys, 2) rate-of=-volatile-oxide-distillation
experiments in the PbO-Mexoy and PbO-—SiO2—MeXOy systens at
750° and 850°C, 3) slag-metal equilibrations in the
Pb~(PbQ+SiOZ+SbO3) system at 700° and 750°C, and 4) results
of X-ray diffraction analyses on slags and condensates pro-

duced in experiments 2) and 3).

Results from Vapor-Pressure Determinations for Cd, Shy03,

PbO-—Sb203 and PbO—Si02-~Sb203 Slags, and Pb-As Alloys

The experimental results obtained from this portion of
the investigation were obtained by determining the weight -
loss of a samwple when a measured volume of inert gas at
constant flow rate was passed over the sample in a known
time at a known temperature. Due to large differences in
the vapor pressures of the various components of the sanple,

the observed losses in weight of the sanple could be

238
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attributed solely to As for the Pb-As alloys and to Sb203

for the Pb0-Si0,-Sb,0, and Pb0-Sb. 0, slags., A sanmple

2 273 2°3

calculation for Pca above pure Cd is given in Appendix III,

The standard deviation, normalized against the mean,
for each vapor-pressure neasurenent was calculated and found
to lie within the limits 0.00374<0'< 0.0433.

Cadmium. In order to provide a check on the accuracy
and reliability of the transportation apparatus constructed
for this investigation, a brief vapor-pressure study was
first made on a well known system. The results from the
vapor-pressure determination experiments for Cd are shown in
tabular form in Table 1 and graphically in Fig. 6. The

experinmental data for these experiments are presented in

tabular form in Appendix IV,

Table 1., Vapor Pressure of Cadmium as a Function of
Tenmperature

o

Tenmperature, °C Pogr ™ Hyg
254 0.00534
297 0.0364
346 0.223

393 1,014
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Sby03. The results for this portion of the investiga-

tion are presented in tabular form in Table 2 and shown

graphically in Fig. 7. The predominant vapor species has

been shown to be Sb,0,. by Norman and Staley (1964, p. 1503).

476
The vapor pressure of Sb406 above pure, solid, cubic Sb203

was determined in the temperature range from 422° to 599°cC.

Table 2, Vapor Pressure of Sb406 as a Function of

31

Temperature
Temperature, O¢c pr406,mm Hg
422 0.00162
454 0.00772
485 0.0277
514 0.0934
547 0.330
568 0.689
599 1.752

Pb0~35203 Slags. The results for this portion of the

investigation are presented in tabular form in Table 3 and
shown graphically in Fig, 8. The vapor pressure of Sb406
was determined above PbO-—Sb203 slags in the range from
Xsb,05 = 0.0442 to 0.495 at 700°C. X-ray diffraction

analysis of the condensates produced in these experiments

did not reveal the presence of any chemical species other
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than bb203.
Table 3, Vapor Pressure of Sb406 above PbO—-Sb203 Slags
at 700°c
Xsb,0, in sla Psb 0., mm I

2”3 g 47gr MM EY
0.0442 0.0304
0.108 0.0293
0.137 0.0290
0.176 0.0380
0.212 0.0560
0.280 0.126
0.495 1.235

PbO-SiOz-Cb203 Slags. The experimental results for

this portion of the investigation are presented in tabular
form in Table 4 and shown graphically in Fig. 9. The vapor

pressure of Sb,0. above Pb0-5i0,-5b,0, slags was determined

6 273
for the composition range from XSb203 = 0,0296 to 0.246 at
700°C. In order to keep this portion of the investigation

within reasonable limits, a molar ratio corresponding to
52% = 2 was selected and held constant throughout the
10-
2
experiments. X-ray diffraction analysis of the condensates
produced in these experiments did not reveal the presence

of any chemical species other than Sb203.

33
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Table 4. Vapor Pressure of Sb406-above PbO—SiOZ—Sb203

(Pb0/Si0, = 2) Slags at 700°C

XSb406 in slag pr406’ mm.Hg
0.0296 0.000537
0.0634 0.00275
0.0945 0.00766
0.130. 0.0265
0.167 0.0804
0.206 0.204
0.246 0.441

Pb-As Alloys. The results from this portion of the

investigation are presented in tabular form in Table 5 and
shown graphically in Fig., 10. The composition range covered
was 0.01 to 0.09 mole fraction As dissolved in Pb at 703OC.
Due to very small losses in weight for the samples contain-
ing 0.01425 mole fraction As, the calculated vapor pressure
-of arsenic above an alloy of this composition is only an

approximation.,
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Table 5. Vapor Pressure of As, above Dilute Pb-As Alloys

at 703°%C
Xas in alloy pAs4 above alloy, mm Hg
0.01425 0.00781
0.02794 0.0147
0.03805 0.0351
0.05265 0.0821
0.06901 0.238

0.08575 0.563

Results from Rate-of-Volatile-Oxide-Distillation Experi-

ments in the PbO—-HeXOy and PbO-SiOZ—MeXOy Systens

The results from this portion of the investigation were
obtained by chemical analysis of the slags and condensates

produced by treating Pb0-Me 0 and Pb0-5i0,-Me slag-

Xy
forring mixtures under various conditions of temperature and

XOY

pressure. The slag-phase analyses can be considered to be
accurate to 20,02 wt %.

Pb0-Me, 0 , Systems., Artificial lead-softening slags

X'y
containing approximately 3 wt % A3203—97 wt % Pb0, 3 wt %
A5203 - 30 wt % Sb203 - 67 wt & Pb0, 30 wt % Sb203 - 70 wt

% Pb0, and 3 wt % A5203 - 10 wt % Sn0, - 30 wt % Sby04 =
57 wt % Pb0 were prepared and treated under various condi-

tions of temperature and pressure., All experiments were

37
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Figure 10.
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carried out under an argon atmosphere. 7The results from
these experiments are given in Table 6.

~-Me 0, Systems. Based on the results of vacuum

Pb0~3102 xOy

distillation experiments on the above PbO-MeXOy systemns, a
decision was made to limit experimental investigation of
silica additions to the Pb0~8i02*8b203 system, Artificial
lead-softening slags containing approximately 30 wt % Sb,04
and varying amounts of Pb0 and SiO2 were prepared and
treated under various conditions of temperature and pressure.

All experiments were carried cut under an argon atmnosphere.

The results of these experiments are given in Table 7.

Results from Slag=-Metal Equilibrations in the

Pb-(PbO+Si02+Sb203) éystem at 700° and 750°C

Selected slag compositions in the PbO—Si02-8b203 system
were equilibrated with Pb-Sb alloys at 700° and 750°C. The
results from this portion of the investigation were obtained
from the chemical analysis of the equilibrium metal and slag
phases produced in each experiment, The experimental results
are shown in Table 8, The metal-phase analyses can be con-

sidered to be accurate to wt % Sb = % 0,002,

Results from X-ray Diffraction Analysis of the Slags and

Condensates

The various slags and condensates produced in a portion

of the experiments in this investigation were analyzed by
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standard x=-ray diffraction techniques to determine the com-
pounds present, The x-ray diffraction analysis data are

presented in Table 9, together with the compounds responsible

for the diffraction peaks.

the pure compounds was taken from the ASTHM Powder Data Index

The x-ray diffraction data for

and are presented in tabular form in Appendix V,

48

Table 9, X-ray Diffraction Analysis of Slags and Condensates
Using Cu K, Radiation at Room Temperature

(o]

Test 2 9, Relative Source of Peak
Intensity
Condensate typical 13.84 w Sbp03
of the type produced 27.88 Vs Sby03
where % Sby03>95% 28,30 b Sby03
28.53 w Sb203
32.19 m Sby05
Condensate typical 13.84 W Sby03
of the type pro- 27.88 Vs Sb03
duced where 28.30 n Sb203
90% %8by03<95% 28.53 \ Sb03
28.67 vw Pbo
31.35 \ Pb
32.19 n Sb,03
35.17 W Sb203
Condensate Test DD 13.91 vs Asy03
22,81 vw As03
28,02 vs As;03
28.75 m Pb0
31.35 vs Pb
32.40 I As;04
35.41 s Asy03
36.35 m Pb
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Table 9. Cont'd
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O

Test 2 9, Relative Source of Peak
Intensity

Slag - Test F 27.52 m (Pb0‘8b203)*
28,30 Vs Pb0, Sh,04
29.38 W (PH0+58b,05), DO
31.30 W Pb0, Pb
32.58 s Pb0
33.29 W (Pb0+5bp03)
34,10 v (Pb0°Sb203)
35,40 \"% Pb0
36,21 vw PO

Slag - Test G 27.74 m (PO *Sb,03)
28,20 Vs Pbo, E>b203
29,438 W (PbO'Sb203) , b0
29,83 w7 - -
31.37 Vv Po0, Pb
32,53 s Po0
33.48 W (Pb0+50,035)
36.14 vV Pu0

Slag - Test P 27.65 al (PDO*SH,04), As,04
28.35 Vs Pb0, Sby03
29.31 M (Pb0*5by04), PRO
29,72 v/ (PRO +8b503)
30.02 v - - -
31.28 W Pb0, Pb
32.67 s pPb0, As,0
33.38 w (Pp0+50303)
34,00 vi7 (Pb0+Sby04)
35.43 W Po0, Asy0,

Slag - Test E 27.78 S (Pb0+5b303)
28.32 Vs Pb0, Sby03
29,59 m (Pb0°sb203)
30.50 1% PbO
31,53 m Pb0, Pb
32,80 m Pb0
36.32 w PLO

*lo standard pattern available in ASTH Powder Data Index,

see Appendix VI,
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Test 2 6,0 Relative Source of Peak
Intensity

Slag - Test U 20460 v Snoo
28.27 S Pb0, Sby03
29.38 v (Pb0+Sb,03) , PbO
31.38 m Pbd, Pb
32.88 m Pb0
34,02 m (PbO'Sb203)
36.32 w PO

Slag - Test AA 27.45 v (P0*50,04)
27.97 s - - -
29.67 vs (Pb0*Sb,03), DbO
31.42 1% Pb0, Pb
33.67 n (Pb0+5b,04)
34,40 m (PO -5b,03)
36.69 A Pb0

Slag - Test BB 27.62 s (Pb0'5b203)
28.31 s Ppld, 5b,0
29.58 m (Pb0-5b203), Pb0
30,30 W Pbo
31.40 1% Pb0, Pb
32.10 Vv Sb203, (l’bO'Sb203)
32.87 m Pl
33.30 w {(Pb0+5b303)
34,29 \%i (Pb0'8b203)
35.58 \% PbO '
36.40 \% Pb0

Slag - Test CC 28,22 v Pb0, Sby04
28,62 Vs Pb0, Sby03
29.73 W (P0+5b503)
30.38 v PboO
31.50 v Pb0, Pb
33.17 n Sby03, (PbO-Sb203)
34.50 W (Pb0+8by03)
35,75 174 Pbo0

Slag = Test DD 28,12 s - - -
28.88 S Pbo
29.27 W PbO
30,23 nm Pb0
31.17 n Pb
31.40 \ - - -
32.00 W Ph0
33.45 m .- -
35.70 Pb0
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Table 9. Cont'd
Test 2 9,0 Relative Source of Peak
Intensity
Slag - Test GG 26,89 VW (Po0*50503)
27.60 s (Pb05b504)
28.33 vs PbO, 8b,0
30.10 w7 Pp0
31.30 W Pb
32.87 m Pb0
33.20 W (Pb0~8b203)
34,10 w7 (Pb0'8b203)
35,50 vw Pb0
36.28 v (Pb0+5by03)
Slag typical of 27.77 m (Pp0+Sb,03)
Tests HII, II, JJ, 28.30 Vs Pb0, Sby04
LL, MM, and NN 31.40 variaovle Pb
32,80 In PbO
33.30 W (Pp0+5b,04)
35.60 V7 PbO
Slag - Tests RR 28.08 s Sbp03
and SS 28.58 Vs Y~4Pb0 510,
29,60 w = 4P00e8i0,
30.00 % y~4Pb0 510,
30.81 W y-4Pb0+5i0,
31.50 m Y-4Pb0+510,
32.54 W Sb203
33.13 m Y-4Pb0°Si0)
33.50 w Y=4Ppb0+5i0,
36.50 v PboO
Slag = Tests VV 21.67 w 2 Pb0+510,
and WwW 23.12 w 2 PbO-Si02
25,72 W 2 Pb0+5i0y
28,50 Vs y~4Pb0+510,,
Sby03, 2Pb0-5Si0,
29,72 m y-4Pb0+51i0,, 2Ph0+5i0,
30.44 m Y-4Pb0+5i0,, 2Pb0.5i0,
31,60 m y~4Pb0+510,
31.80 m 2Pb0+51i0,
32,58 m y-4Pb0+5105, Sbo03
33.05 m Y=4Pb0+5105, Sbp03
33,72 m y-4Pb0+Si0dy, Sby03
34,40 m 2Pb0+8i0,
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o .
2 8, Relative Source of Peak

Test
Intensity
Slag - Tests PP, 21,43 W 2Pb0+5104
QQ, AB, and AC 22,95 w 2Pb0+810
25,60 W 2Pb0*5i0,
28.20 Vs 2Pb0+510,, Sb,04
29.63 w 2Pb0+510,
30.18 m 2Pb0+51i0,
31.58 m 2Pb0°+8i0,
32.60 wvariable Sby03
Slag - Test XX 20,83 w Pb0+5105
and YY 23.92 W - = -
25.19 w Pb0+510,
27.27 m Pp0+5i0,
27.61 S Pb0+510,
28.30 m 2Pb0+510,5, 8by03
29,25 m 2rp0+51i0,, Pb0+5i0;
30.10 m 2Pp0+51i0,, Pb0Si0,
31.10 s Pb0+5i0)
31.40 Vs Pb0+51i0>
31.85 S Pb0+5i0,

Slag - Tests BA
and BB

These slags produced diffraction
patterns typical of vitreous materials,
They consisted of one broad, low peak
extending approximately from 24° to

34° 24,

27.83 m 2P0°*S1i0)
28.71 W 2Pb0-8102
29.91 w 2Pb0+5103
31,33 w 2Pb0+510)
32.17 W 2Pb0+51i0p

The diffraction peaks were nearly
masked by a broad, low peak extend-
ing approxinately from 24° to 34° 28
indicating non-crystallization of
PbO ‘Si02
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Test 2 8, Relative Source of Peak
Intensity

Slag - Tests BC 21.32 W 2Pb0°+Si09

and BD 22.87 W - - -
24,00 W 2Pb0+5105
25,50 w 2Pb0+51i07
27.82 Vs 2Pb0+Si0p, Sby05
28.22 vs Y-4Pb0+5i05
29.50 S Y-4Pb0+S10y, 2Pb0+5i0,
30.02 m Y-4Pb0+510,, 2Pb0+5i0,
31.50 \ 2Pb0+510,
32.27 W - - -
32,75 w Y-4Pb0+510,
33.40 W - - -
33.80 w Y-4Pb0 5105
34.77 w 2Pb0+5i0,

Slag - Tests BE 21.12 w 2Pb0+5i0>

and BF 22,80 w - - -
24,03 W 2Ph0+5109
25,48 w 2Pb0+510)
27.75 w 2Pb0°5i02, Sb203
28,00 m - - -
28.74 vs 2Pb0+51i0,
29.70 w 2Pb0 510,
31.28 w 2Pb0+51i0,
31.80 w 2Pb0+Si0;
32.40 w - - - :
33.27 4 - - -
34.75 154 2Pb0+Si0,
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CALCULATIONS AdD INTERPRETATION OF RuSULYS

The discussion of the experimental results obtained in
this investigation is presented in six sections: 1) the
use of the transportation tecanique for the measurement of
vapor pressures, 2) the vapor pressure of Sb,03 in the
range from 422° to 599°Cc, 3) the evaluation of vapor-pres-
sure data for the determination of thermodynamic data for
Pb0-Sb,03 and Pb0-5i0,-50b,03 slags at 700°C, 4) the appli-
cation of vacuum techniques to the removal of Asj03, 5b,04,
and Sn0, from lead-softening slags, 5) selected slag-metal
equilibria in the Pb0-5i0,-Sb,03 system, and 6) the vapor

pressure of As, above dilute Pb-As alloys at 703°c,

Use of the Transportation Tecihmique for the ileasurenent

of Vapor Pressures

The transportation technique, or inert-gas saturation
method, for the measurement of vapor pressures has been in
general use for many years. The published literature con-
tains accounts of a great many experimental investigations
using this technique, investigations which are far too

numerous to list here, In the past, the design of the

54



T 1171

apparatus and the size of the sample to be studied have
been largely the choice of the individual worker, 1ot
until the woxrk of Alcock and Hooperi(l959, Pe 325-340) has
there been any attempt to establish criteria by which the
accuracy and reliability of the method could be estimated.
The design of the experimental apparatus used in this
investigation is based largely on the apparatus us;d by
Alcock and Hooper., Certain modifications were made in the
basic design to provide more thorough carrier-gas purifica-
tion and to provide ygreater ease in sample handling. The
sample geometry is essentially the same as that used by
Alcock and Hooper. Figure 3, p. 13, illustrates the con-
ditions undex which the experiments were made, A sample,
weighing between 1 and 5 gm, is held in a small combustion
boat which rests in a recess in a plug device. The recess
in the plug was machined to conform to the outside contours
of the combustion boat in order to reduce the dead volune
between the boat and the plug to a minimum. For reasons
to be explained later, the sample must be made to fill the
space between the boat and the reaction tube as completely
as possible. The plug containing the sample is then placed
in the open end of the reaction tube., It is necessary to
provide as tight a seal as possible between the plug and
the reaction tube., Careful lapping of tﬁe inside surface

of the reaction tube can result in a nearly air-tight seal

55
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at room temperature., Small channels were engraved on the
top surface of the up-stream end of the plug to provide an
entrance to the sample chamber for the carrier gas. A
single channel provided the necessary exit at the other end
of the plug.

When the above precautions are taken, it can be reason-
ably assumed that the carrier gas passes over the sample to
be studied and not around the sides and/or bottom of the
plug. In passing over the sample, the carrier gas accumu=-
lates the vapor of the sample and carries it out of the
reaction system. The amount of volatile matter removed
from the sample is determined as tihe loss in weight of the
sample and is.normalized against a unit volume of carrier
gas. By plotting the normalized weight«losses measured at
different flow rates against flow rate, a curve similar
to that shown in Figure 11 is obtained.

The curve shown in Figure 11 represents a somewhat
idealized case. It can be readily divided into three
separate sections whose slope is controlled by three dif-
ferent phenomena. Section I shows a smooth decrease in
the normalized weight loss from very small carrier-gas flow
rates up to some given value, say fl' Section II shows
that the normalized weight=-loss remains constant at all
values of carrier-gas flow rate between the limits £; and

f,+ This portion of the curve corresponds to the true
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vapor pressure of the sample. Section IXII shows an increas-
ingly rapid decrease in the normalized weight-loss as the
carrier—-gas flow rate is increased above the value repre-
sented by the point £, in Figure 11.

The cause of the'abnormally high weight losses at low
flow rates can be thought of as being three-fold: 1) a large
difference in molecular weight between the volatile species
and the inert carrier gas provides for a tendency for the
various molecular species to segregate from one another,

2) the existing thermal gradients on either side of the
sample will result in a mass f£lux of one of the vapor species
relative to the other as a result of thermal diffusion, and
3) the concentration gradients set up on either side of the
sample will give rise to a diffusive mass flux of one of

the vapor species relative to the other,

In the first case, actual physical segregation of the
vapor species due to differences in molecular weight can be
neglected for two reasons: 1) the carrier gas is moving
over the sample with a relatively high velocity so that the
retention time above the'sample is small and 2) obstacles
such as the uneven surface of solid samples, or artificial
baffles in the case of liquid samples, serve to provide a
maximum amount of turbulence in the gas phase,

Thermal diffusion, as a rule, provides for only a

minimal degree of vapor segregation unless the thermal
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gradient is quite large., Such large differences in tenpera-
ture in the vicinity of the sample are not to be expected
under normal conditions. In order to illustrate the
magnitude of this contribution, a calculation will be made
for the binary vapor system argon-Sb,04.

A temperature gradient in the system will give rise to
a mass flux of Sb406 given by:

(1) 2 k

. C T 4T
C, - Mp Dg — == (1)

()

c = total molar concentration, mols/cmn

where: mass flux of Sb406, gm/sec—cm2

3

M i

]

molecular weight of species i, gm/mol
DSb406,A = pinary diffusivity for system
Sb406-A, cmz/sec
kK, = thermal diffusion ratio

T = temperature, Ox

3

p fluid density, gn/cm
dT/dz = temperature gradient, °K/cm
This mass flux will set up a concentration gradient which

will result in an opposing mass flux:

(x) 2 dXg}, 406
: = £ M 1 - ] ———
jsb406' z =< Sb 40 YA Dsb 40" 1z (2)
Xsh 0
In this case 2°3/dz refers to the concentration grad-

ient expressed in mols/cm. When steady-state conditions

have been attained, the two opposing mass fluxes will
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nullify one another:

() (x) o2
0 = Jsb,0,, 2% Jsng06, 2 = 5 Msb,0,Malsp,0472
AX5h 40, , k. ar (3)
dz T dz

from which,

k
L g (4)
T

dax =
Sb406

From Equation (4) it is seen that, when kg is positive,
Sb,0, will move towards increasingly lower temperatures;
and when kg is negative, Sb, 0, will move towards increas-
ingly higher temperatures, 1In order to integrate Equation
(4) it will be assumed that kp is constant with composition
if the mass flux is small. Also, since Kq varies in a
complex manner with temperature, it will be assumed to be
independent of temperature for small temperature gradients.
By use of these assumptions, then, Equation (4) can be

integrated as follows:

X$b 40 T
- -k ax
Xsp 406 = "R T (5)
X T
Sb406 1
from which,
T2
X" - X! = k,ln — (6)

60
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Before Eguation (6) can be solved, it is necessary to evalu-
ate the thermal diffusion ratio, kp. Gillespie (1939, p.
530~5) has derived an expression for kp in terms of the
square roots of the molecular weights, m;, and the mole

fractions, X., of the species in a binary system with the

l'
result that:
N e N
2 \FMgp o A
K = 10 (7)
T My X
1+ A
- S
Mbb406 00406

For purposes of calculation, the nole fraction of Sby04 is
chosen as XSb406 = 1l.6 x 10-3, and the total pressure of the
system is taken to be 1 atm. This value for XSb406 cor-
responds to a partial pressure of Sby0g of 1 ram Hg. Suo-
stitution of this data together with the appropriate molecu-
lar weights into Equation (7) yields kg = =2.8 X 1073,
Since ky is negative, it is readily seen from Equation (6)
that Sb,0¢ will tend to diffuse to a region of higherxr
temperature under the influence of a temperature gradient,
Thermal diffusion, then, cannot be responsible for the
abnormally high weight losses cobserved at low flow rates.,
The negative value of k; would tend to cause abnormally low
weight loéses rather than higher,

The significance of this back diffusion, however, is

of little importance. At a mean temperature of 700°C, a
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temperature gradient of 2° to 3°c from the sampnle to the
mouth of the reaction tube would result in a concentration
difference, X"Sb406 - X;Sb406' of only 8.4 x 107° mole
fraction, which is less than 0.1% of XSb406'

The third possible explanation for the abnormally high
weight losses observed at low flow rates involves the con-
centration gradients established in the vicinity of the
sample., If the gas phase is assumed to be stationary, it
can be reasoned that very steep concentration gradients
exist between the space immediately above the sample and the
gas film surrounding the pluy at the beginning of the
experiment. Before this mass flux is calculated by means
of Bquation (2), it is necessary to estimate the binary
diffusivity, DSb406' for the systen Sb406—argon.

Several methods are available for estimating binary

diffusivities. The most accurate method is based on the

Chapman-Enskog Kinetic theory. The resulting equation can

be represented as follows: 1 1
3 [r—— +
T M M
D -A = 1.858 x 107> Zals  *
Sb40,~" T e X (8)

2
04g; Q
P 778bg06.p"DsSb 06 5

where: Vp = pressure of the system, atm

O

°Sb406_A = collision diametexr, A

QD,Sb406_A= dinensionless function of the temperature and

of the intermolecular potential field for one

rnolecule of each species
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The collision diameter, 0Sb406_A, must be approximated by
the sum of the molecular radii. Norman and Staley (1964,
p. 1503-4) have shown that Sb406 is composed of tetrahedrally-
located Sb atoms, with each oxygen atom associated with an
edge of the tetrahedron., The Sb-Sb distance is 3.61 g and
will be used as the approximate molecular diameter, The
atomic diameter of argon, as calculated from the Van der
Waal's equation, is 2.94 g. By the assumption that the
molecules behave as elastic, hard spheres, QD'Sb406—A can
be set equal to unity.

Substitution of the appropriate values into Eguation
(8) using p = 1 atm and T = 973°K yields:

2
D = 0.861 cm“/sec
Sb 06

Therefore, using the above values for XSD406' MSb406' Ma,

and D. Equation (2) becomes

dx )
(%) -3 60406
JSb406 . = -6.,18 x 10 4 (9)
’

Integrating LEquation (9) over the linits X"Sb406 = 0 to

X'sh,0,. = 2 x 1073 and z" = 0.25 cm to 2' = 0.0 cm yields

4%
4,94 x 107° 2

gn/sec-cn’ initially. This mass flux will of

course decrease with time towards some steady-state value.
If the total cross—-sectional area between the plug and the
reaction tube is taken to be 0,2 cmz, the mass flux due to

diffusion can be shown to be as much as 20% of the weight
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losses observed in experinents made with a carrier-gas
flow rate of 100 cm3/min where p3b406 = 1 mm Hg., At the
point represented by flow rate f;, in Figure 11, the
carrier gas is flowing over the sample at the minimum
rate capable of sweeping away all of the diffusional mass
flux of Sby0g produced by the zero-time concentration
gradient, By use of the above calculated flux, this mini-
mum flow rate is calculated to be 50 cm3/min. The actual
flow rate at which the normalized weight-loss versus flow-
rate curve becomes horizontal for p5b406 approximately
equal to 1 mm Hg is slightly above this value for the
experiments performed in this investigation.

Considering the assumptions and approximations made in
calcutating the diffusional mass flux of Sb,0q, it would
appear that this flux is of the correct order of magnitude
to cause the abnormally high normalized weight losses
observed at low carrier gas flow rate,

Referring again to Figure 11, it is seen that Section
II of the curve has zero slope. This condition is explained
by the fact that at all flow rates between f; and £, the
carrier gas is able to become saturated with the volatile
species from the sample. The diffusional mass flux of the
volatile species 1is not sufficiently rapid to affect the
removal of these species from the reaction zone by the

rapidly moving carrier-gas stream,
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Section III of the curve in PFigure 1l is due to the
carrier gas moving at too rapid a rate over the sample to
allow for complete saturation. As the carrier gas flow
rate increases from f,, the degree of undersaturation
increases and the normalized weight-loss of the sanmple
falls to lower values.

As mentioned earlier, the curve shown in Figure 11
represents a somewhat idealized case. In order to obtain
a curve of the required form, i.e. a curve showing the
normalized samnple weight-loss to be independent of carrier-
gas flow rate over a range of flow rates, it is necessary
to reduce the dead volume above the sample to a minimun,
When this condition is not met, the horizontal segment of
the normalized weight—-loss versus flow-rate curve will
either assume a finite slope or disappear altogether,
Figure 12 illustrates this phenomenon for 2 series of
experiments made on pure Sb,03at 514°Cc. In one case, the
sanple extended above the top of the combustion boat to
insure a small dead volume in the reaction system and a
curve of the desired form was obtained.

For the experimental results represented by the second
curve, the sample extended to slightly above the center of
the combustion boat, resulting in a relatively large dead
volume above the sample. It can readily be seen that the

curve shows a smoothly decreasing nornalized weight-loss
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with increasing carrier—-gas flow rate over the entire
range of flow rates studied, The true vapor pressure of
the sample cannot even be estimated from these data.

In order to provide a check on the accuracy and reli-
ability of the transportation apparatus constructed for
this investigation, a brief vapor-pressure study was first
made on a well known system. Cadmium was chosen for the
reference study for three primary reasons: 1) the litera-
ture contains a large number of vapor-pressure studies on
Cd which are in good agreement with one another; 2) Cd
possesses a vapor pressure in the range expected in the
other studies reported in this investigation (ILO'"3 - 10”°
atm) ; and, 3) Cd is readily available in very pure form.

A total of four vapor-pressure neasurenents were made
on Cd in this investigation; two for the vapor pressure
above solid Cd, and two for the vapor pressure above liquid
Cd. The results of these neasurements are shown graphically
in Figures 13 and 14. Two factors concerning the shape of
these curves are readily apparent., Firstly, the length of
the horizontal portion of the curves decreases with an
increase in the absolute magnitude of the vapor pressure.
This is to be expected since saturation of the gas phase at
high flow rates becomes more difficult as the total mass of
volatile species increases. The second observation to be

made 1is that the horizontal portion of the curves shifts to
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lower flow rates as the magnitude of the vapor pressure
increases. This type of behavior is explained by the fact
that the effects of mass diffusion are more easily overcome
at higher mass densities of the volatile species,

The vapor pressures of Cd at various selected tempera-
tures, as calculated from the data of Figures 13 and 14, are
presented in Figure 15 together with a portion of the
literature data for the vapor pressure of Cd. All avail-
able data have not been included in Figure 15 for the
purpose of clarity. The agreement for the vapor pressure
of Cd at temperatures above the melting point 0f Cd with
the literature is seen to be quite good. The results
obtained in this investigation at temperatures below the
relting point of Cd agree favorably with those tabulated by
Kubaschewski and Evans (1958, p. 328) but are somewhat
lower than the values tabulated by Elliot and Gleiser (1960,
p. 29-30).

In the experiments performed in this investigation at
temperatures below the melting point of Cd, a tarnish of
Cd0 was formed on the surface of the samples, This thin
oxide film can reduce the value of the apparent vapor pres-
sure in either or both of two ways: 1) by providing a
barrier to the sublimation of Cd from the surface of the
sample; and, 2) by adding oxygen to the sample, thereby

reducing the observed welght loss. No oxidation was
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observed in any of the other experiments.,

In view of the fairly good agreement between the vapor
pressure of Cd as determined in this investigation and the
results found in the literature, it was decided that the
apparatus and experimental technique used in this investi-
gation provided for sufficiently accurate vapor-pressure

measurenent.

Vapor Pressure of Sb,;05 in the Range from 422° to 599°C

The vapor-pressure studies performed on PbO0-based slags,
to be discussed later in this section, require that the
vapor pressure of Sb406 above pure Sb203 be accurately known
before the experimental data can ba converted into
activities, Very few Sb 40, vapor-pressure data have been
reported in the published literature. Hincke (1930, p.
2869) using a modified version of the inert gas safuration
method, has determined the vapor pressure of Sb406 above
cubic, orthorhorbic, and liquid Sb,04 in the temperature
range from 470° to 800°c. Myzenkov and Klushin (1965, p.
1709), using the boiling-point method, have determined the
vapor pressure of Sb406 above liquid Sb203 in the tempera-
ture range from 715° to 1025°c,

The two investigations mentioned above show a large
discrepancy between the data for liquid Sb203, In the
investigation by Hincke, silica crucibles were used to con-

tain the Sb203, whereas Myzenkov and Klushin used pure
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alumina crucibles. At high temperatures, above the melting
point of Sb,05, it is to be expected that Sb,03 would dis-
solve SiO2 from the crucibles with a resultant lowering of
the vapor pressure of Sb406' This increased lowering of
the vapor pressure with temperature is seen as an increas-
ing degree of curvature in the plot of pr406 vs % shown

in Figure 16. Also included in Figure 16 are the results of
Myzenkov and Klushin., Since the data of Hincke for liquid
Sb203 are somewhat doubtful, it was decided to use the data
of Myzenkov and Klushin to refer the slag vapor-pressure
data determined in this investigation to pure liquid Sby0 3.
Their data for the vapor pressure above pure, liqguid Sb203

in the temperature range from 656° to 1025%C are represented

by the formula:

4341

[ped

4

log pr406 mn Hg = 5,775 = (10)
’

The vapor-pressure data of Hincke are the only data
reported in the literature for solid Sb,03. Since there
is some question as to the accuracy of his data for liquid
Sb,03, it was decided to redetermine the vapor pressure
above cubic Sby03 in order to ascertain whether these data
were in significant error.

The Sb,04 was prepared for study by resubliming it in
argon at a temperature of 4800C, well below the cubic-

orthorhombic transition temperature of 570°C. The cubic
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crystal modification of Sb,03 thus produced was verified by
x-ray diffraction analysis. The results of these experi-
ments are shown in Figure 17 together with the data of
Hincke. It is apparent from the figure that no erxrors have
been introduced by ﬁsing silica crucibles at temperatures
below the melﬁing point of Sb203. Hincke's data afe s one=-
what high because of his extrapolation of weight-loss versus
flow-rate data to zero flow rate.

A linear regression analysis of the vapor-pressure data
for cubic Sb203, as determined in this investigation, has

been made with the result that,

o 10,441
log pr406: mm Hg = 12,239 - ==~ (11)

for the temperature range from 422° to 599°C, The molar
heat of vaporization calculated from Egquation (11l) is given

in Table 10 together with the values given in the literature.

Table 10. Heats of Sublimation and Vaporization of Sb40g

Crystal modification AH, cal Source
cubic ' 47,780%1,330 This investigation

cubic 47,320 Hincke

orthorhombic 44,080 Hincke

liquid 17,830 Hincke

liquid 19,430 Myzenkov and Klushin
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Evaluation of Vapor-Pressure Data for the Determnination of

Thermodynamic Data for Pb0-Sby03 and Pb0-Si0,-Sb,045 Slags

at 700°C

The vapor-pressure data obtained in this investigation
can be used to calculate the thermodynamic activity of Sb,04
in the two slag systems studied. By means of a Gibbs=Dunen
integration, the thermodynanic activity of Pb0 can be
obtained for the Pb0-Sb,03 slags at 700°c, No fﬁrther cal-
culation of activities can be made for the Pb0-51i0,-5b,04
slags since only the activity of Sb,0; was determined in
this investigation.,

Determination of Thermodynamic Data for Pb0-5b,04 Slags

at 7qgfg. The vapor-pressure determinations for the Pb0-

Sby045 systen at 700°C made in this investigation are given
in Table 3. Using the pressure above pure liguid Sby03 as
20.59 mm Hg, as determined by Myzenkov and Klushin (1965,

P. 1715), the individual activities of szo3 have been cal-
culated. The results of these calculations are shown in
Table 11, Maier and llincke (1932, p. 3-12) have made a
limited number of vapor-pressure measurements in the Pb0-
Sb203 system at 697°C using the inexrt gas saturation method.
Their measurements were converted to Sb,04 activities using

the somewhat low value of 13.0 mm Hg for the pressure above

pure Sby03, as determined by Hincke (1930, p. 3876). A
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recalculation of their datavusing 20.59 mm*lg rather than
13.0 mm Hg as the pressure above pure Sb203 is included in
Table 11 for comparative purposes, All activities are
relative to pure, liquid Sb203 at the respective temperature.
It is evident that the agreement'is rather poor at low con-
centrations of Sb203 although their data are not extensive
enoudh for anyaccu?ate comparison to be made.

Table 11, Activities of Sby05 in the Pb0-Sb,05 System
Determined from Vapor-Pressure Measurements in

the Pb0-Sb,0., System at 700°C

273
Temp, X a. Y Source
OS¢ szo3 bbzo3 Sb203
700 0.0442 0.0385 0.871 This investigation

700 0.108 0.0377 0.349 " "

700 0.137 0.0375 0,274 " n

697 0.144 0.0624 0.433 Maier and Hincke
700 0.176 0.0430 0.244 This investigation
700 0.212 0.0522 0.246 " n

700 0.280 0.0782 0.279 " "
700 0,495 0.245 0,495 " "
697 0.503 0.222 0.441 Maier and Hincke
697 0.730 0.630 0.863 " "

The somewhat peculiar behavior observed for the two-

component mixtures containing 4,42, 10.8, and 13,7 mole %

5b,04 is due to the fact that these compositions lie
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within a two-phase region conposed of solid Pb0 and liquid
containing 14,4 mole % Sb203. The locations of these
compositions relative to the phase boundaries are shown in
the phase diagram for the Pb0-Sb,04 system presented in
Figure 18, Zunkel and Larson (1967, p. 477). Since the
composition of the liquid in the two-phase region is con-
stant, the individual component activities remain eqgual
between the solidus and liquidus compositions,

A Gibbs—buhem integration of the activity data obtained
in this investigation has been used to obtain the activities
of Pb0 in the range from Xppo = 0.959 to Xpj,o = 04505 at
700°C. The data for this calculation are given in Table 12,
A plot of the o-function for 5b,03 as a function of mole
fraction of Sb,04 is presented in Figure 19, Since o is
not constant or linear as a function of composition, the
Pb0~Sb,04 system is neiﬁher regular nor sub-regular in its
behavior at 700°Cc. It is also readily apparent from Figure
19 that this system is far from being ideal due to the
strong negative deviation observed.

The activities of Sb203 calculated from the vapor-
pressure deterninations in the Pb0~Sb,04 system and the
activities of Pb0 calculated by means of the Gibbs-Duhem
integration are shown graphically in Figure 20, The
standard states are the real, pure liquid for Sb203 and

the real, pure solid for Pb0, both at 700°C. It can be
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Figure 19,
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seen that the behavior of 5b,04 deviates strongly in

the negative direction from ideality and appears to remain
so at all compositions. The behavior of Pb0, however,
presents a rather interesting case which can be explained
by considering the integrated form of the Gibbs-Duhemn

equation for a binary system:

X2
lny; = = X d(1lny,) (12)
Xl = 1

If Yo continually increases as X, decreases, then Yy is
greater than unity at all values of Xoe Also, if y, con-

tinually decreases as X, decreases, then Y, is less than

2
unity at all values of X5+ In the first case, component

1 exhibits positive deviation from the Raoult's law line
over the entire composition range and in the second case,
component 1 exhibits negative deviation from the Raoult's
law line over the entire composition range., Close examina-
tion of the data of Table 12 reveals that YSb203, although
it is much less than unity at all compositions studied,
does not continually decrease as XSb203 decreases. As the
conposition of the system enters the two-phase region (see
Fighre 18) where aszo3 becomes constant with composition,
YSb203 nust of necessity begin to increase .as the concen-

tration of Sb,03 continues to decrease. Thﬁs, the fact

that YSb203 is always less than unity is not sufficient to

84
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insure that Pb0 also continually deviates in the negative
direction from Raoult's law line. This unusual nixed
behavior is also seen to occur in some silicate systems
as well as some metallic systems, e.g. Zn-Sb at 550°¢,
DeWitt and Seltz (1939, p. 3170).

The standard free energy of formation of liquid Sb,03
has been estimated by Cougihlin (1954, p. 8) using heat
capacity data for the orthorhombic crystal modification of
solid Sb,;03. By proper treatment of the Sb,03 activity data
determined in this investigation, together with the slag-
metal equilibria data for the Pb0-5b,03 system reported by
Zunkel and Larson (1967, p. 475), a calculation can be made
for the standard free energy of formation of Sb,03 as a
function of temperature. The equilibria reaction under
consideration can be represented as follows:

2 SDy,eg t 3 PbO (4 = Sby03(;) + 3 Pbq, (13)

The equilibrium constant for this reaction is represented

by the following expression:

3
app X aSb203
Keq = (14)
3 2
“ppo ¥ @sb

Several assumptions can be made to simplify this expression:
1) that Henry's law is obeyed over a sufficiently wide range
of both temperature and concentration for Sb dissolved in

Pb, 2) that ACp for the reaction is zero, 3) that ap , is
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unity, and 4) that Sb20 and Sb,0,. may be present in small

4 2°5

amounts but do not affect the equilibrium, Assumption 1 is
valid because Sb dissolved in Pb follows Henxry's law up to
approximately 3.9 wt % in the temperature range under con=-
sideration. Assumption 2 is valid because AHY and £s° are

nearly independent of temperature in the range under con-

sideration., Assumption 3 is valid since all alloys under

o

consideration contain in excess of 99 wt of Pb., Assump-
tion 4 can be shown to be valid by application of the
appropriate data from Table 13, As an examnple, if the
cxygen potential in the system is assumed to be determined
by the 2 PDO(l) = 2 Pb(l) + 02(9) equilibrium,

a3p,0,4/35b,03 = 2.7 x 1073 and 3b,05/38b,0, = 1.5 x 1077
at 700°cC.

Using the above assumptions, Equation (14) reduces to:

a
Sb .0
_ 2”3
feq a3 (s sp)? e
Pbo0 —
Zunkel and Larson (1967, p. 476) have shown that aSb203/a§bo

is a constant independent of temperature in the two-phase

region in the Pb0-rich end of the Pb0-5b,04 system, There-

: : V80203
fore, in the two-phase region, a plot of log ——3—— Versus
X5by05 TPbo
log - should be a temperature-independent straight
X 11
Pb0

line with a slope of -1,
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Ysb. 0
The data for constructing the log 32 = versus
YPbO
Xsb_0
log -;§£~§ plot are given in Table 14 and the plot itself
XPbo '

is shown in Figure 21. The data for 650° and 750°C were
plotted using the aséumption that ap o = 0.96, since
insufficient data were collected to perform a Gibbs-Duhem
integration for these temperatures with any degree’of
accuracy. Also included in Figure 21 are the slag-metal
equilibria data of Zunkel and Larson plotted using the
estimated values for the standard free energy of formation
of Sb203‘according to Coughlin. As can be seen from
Figure 21, the data fall on a temperature-independent
straight line with a slope of -1 for all compositions with-

in the two~phase region, The intercept of this line has

been calculated with the result that,

a’i
Sb,0
—2-2 = 0.0430 (16)

apPbo
for the two-phase region.

Using the data of Zunkel and Larson,

49 80

log (3 $b)° = - S + 2.798 (17)

and Equations (15) and (16), a linear equation in tempera-
ture for the variation of log Keq with temperature can be

obtained with the result that,

88
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4980

oq = = = 4.165 (18)-

log X
for Reaction (13).
The appropriate data from Table 13, together with
Equation (18) can then be used to calculate the standard
free energy of formation of Sb203(l) according to the

following reaction:
3

. + 3 = sp.
with the result that,
62 = ~159,190 + 56,20 T (20)

£

Equation (20) was obtained from a least-squares fit of tnree

values of AG? calculated at 6502, 700°, and 750°C. These

values are compared with the estinated values of Coughlin

in Table 15, Although the correction in AG? for Sb,04

amounts to less than 3 percent, the estimated data for
aSb203
log —5—— are in error by approximately one-half order of mnag-

4pbo
nutide. It is to be noted, however, that the application of
Figure 21 to the determination of the liqgquidus and solidus
curves in the PbO-rich end of the PbO—Sb203 system, as was
done by Zunkel and Larson, is not affected by the correc-

tion in AG? for Sb203(l)' since the curves are shifted only

in the vertical direction.
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Table 15, AG? for Sb203(l)as Deternined from Slag-Metal
Equilibria Data in the Pb—(PbO+Sb203) Systemn
and Vapor-Pressure Determinations in the

Pb0-Sb., 0., System at 650°, 700°, and 750°C

273
o .0
Temperature, °C AGgr cal £Gg,y cal
' (This study) (Coughlin)
650 -107,320 -109,410
700 -104,490 ~-106,710
750 -101,700 -104,010

The data of Table 14 can also be used to calculate the
heat of vaporization of Sb 40, from artificial slags whose
compositions fall within the two-phase region in the Pb0-
rich end of the PbO-Sb203 system as shown in Figure 18. By
nmeans of a plot of log pr406 versus % over the temperature
range from 650° to 750°C, a value of +20,830 cal/role has
been calculated. This value is seen to be sowmewhat larger

than the corresponding value for AHva of pure Sb203 due to

p
the strong negative deviation of Sb,045 from the Raoult's
law line as shown in Figure 20.

The phase diagram for the Pb0-Sb,0, system shown in
Figure 18 may be used to calculate the standard free energy
of formation of Pb0°8b203. At a temperature just below

the eutectic temperature, the following reaction may be

considered:
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Pb0 . + Sb,03 = Pb0+Sb

EBO () (o) 293 (s) (21)

The equilibrium constant for this reaction is represented

by the following expression:

a ‘
Pb0+Sh,0
Ky, = 2.3 (22)
q a a.
Pb0 x 5b203

The activity of Pb0+Sb,04, referred to the pure solid, can
be set equal to unity using the pure solid as the standard
-state., For purposes of calculation, the activity of Pb0 can
be set equal to its mole fraction; 0.944 at 604°C. The
activity of Sb,04 can be obtained from the data given in
Table 14 for the 2-phase slag compositions. By extrapolat-
ing log pr406 versus % to 604°C and dividing the resultant
pressure by pg< 0, = 2,203 mn Hyg at 604°C (iincke, 1930,
046 .

p. 3876), aSb203 is calculated to be 0.0647, relative to
pure, solid Sb,03,

Substitution of the above values into equatioﬁ (22) at

604°C yields Keq =16.,4 for the reaction:

PbO(S) + Sb203(s) = PbO-SbZOB(S) (23)
By use of the relation,
O _ _pm .

AG” = =RT 1n heqv (24)

the standard free energy change for reaction (23) can be
calculated with the result that AGg77 = -4;860 cal/rmole of

Pb0‘5b203.
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The standard free energy of formation of Pb0~Sb203 from
the elements at 604°C can be calculated by surming the

following equilibria and their corresponding free energy

values.
PbO(S) + 80203(5) =.Pb0'Sb203(s)
(25)
o —3
AG877 = =4,860 cal
(Calculated)
(26)
.0 -
A0877 = =740 cal
(Wicks and Block, 1963,
p. 14)
2Sb .\ + 2 0 = Sb.0
(1) 2 2(9g) 273(1)
(27)
o = e
AG877 = -109,900 cal
(Calculated)
Pb,.\ + < 0 = Pb0
(1) 2 2(9) (s)
(28)
o - -—
AGS77 = =-31,080 cal
(Wicks and Block, 1963,
pP. 63)

By sumnmation of equations (25), (26), (27), and (28), and

their free energies,



T 1171 95

= Pp0*Sb,0.

Pb %) () 205 (s)

+ 25b + 2

(1) (1)

(29)

Acg77 = -146,580 cal

The literature does not contain any data with which this
calculated value can be compared.

Determination of Thermodynamic Data for PL0-510,-5b,0,

Slags at 700°C. The vapor-pressure determinations for the

Pb0-510,-Sb,03 slags have been converted to Sb,03 activities
using the data of Table 4 by means of pgb406 = 20,59 ram Hg

at 7000C, as determined by Myzenkov and Klushin. The results
of these calculations are presented in tabular form in Table
16 and shown graphically in Figure 22, The nolar ratio of
Pb0 to Si0,, for reasons to be explained later in this
chapter, was held constant at a value of 2 for all slag

compositions studied in this investigation.

Table 16, Activities of Sb203 in the PbO-—SiOz--szO3

System (g?%; = 2) Determined from Vapor-Pressure
Measurements in the PbO—Si02—8b203 System at 700°C
%5b,04 35b,04 YSb,0 5
0.0296 0.00511 0.173
0.0634 0.0116 0.183.
0.0945 0.0193 0.204
0.130 0.0359 0.276
0.167 0.0625 0.374
0.206 0.0995 0.483

0.246 0.146 0.593
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Figure 22, Activity of Sb203 in Pb0-5102~ob203 (Si02
Slags at 700°C (standard state - pure liquid
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No calculation can be made for the component activities
of Pb0 and S$i0, in the slags studied in this investigation,
since only the activity of Sb,045 was determined experimental-
ly. Some outside data source would be required before a
ternary Gibbs-puhem integration could be performed. Sridhar
and Jeffes (1967, p. 44) have determined the activities of
both Pb0 and SiO2 in the Pb0-Si0, system up to the limit of
silica saturation at 8500, 9500, and lOSOOC, and have com-
pared their results with those of earlier workers, 1In all
cases, it was found that both Pb0 and Si0,; exhibit strong
negative deviations from the Raoult's law line at composi-

tions below approximately X = 0.5. For compositions

S5i0y
containing higher silica contents, silica begins to deviate
positively from the ideal Raoult's law line and continues to
do so up to the saturation limit. The negative deviation
shown for Pb0 is to be expected due to the strong tendency
for Pb0 to form silicates,

For comparative purposes, the vapor-pressure data for
3 (5?%5 = 2) slags and the Pb0~8b203
slags are plotted together as a function of XSb203 at 700°c

in Figure 23. At low concentrations of Sb203, the vapor

pressure of Sb 0. is highest above the binary slags. At

higher concentrations, above approximately X5b203 = 0.21,

the vapor pressure of Sb 0, is highest above the ternarxy
0

p)

silicate slags (on Pp0+5b, 3 basis). A continuous decrease
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nmm g

/ Q) Pb0~Si02~Sb203 slags,

/ [\ Pb0-8b,03 slags

—3.0 XSb203 computed from
* Pb0 + Sb,05 content only
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X. in slag
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Figure 23. Variation of log PSbys0¢ with Composition for
Pb0~510,-Sb,03 (z7g_ = 2) and Pb0-Sb,03 Slags
at 700°C 2
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of pr406 with decreasing concentration of Sb203 in the slag
is observed for the silicate slags due to the fact that they
are composed entirely of liquid over the composition range

investigated in this study at 700°C. Further discussion of
the shapes of the curves of Figure 23 and their relationship

to one another will be deferred until later in this chapter.

Application of Vacuum Techniques to the Removal of As,05,

Sb,03, and Sn0, from Lead-Softening Slays

The primary purpose of this investigation is to deter-
mine the feasibility of removing volatile oxide impurities
from the Pb0-based slags produced during the softening of
lead bullion by the application of vacuum techniques., Cur-
rent softening practice involves a selective oxidation pro-
cess in which a suitable oxidizing agent, air ox Pb0, is
added to the lead bullion to oxidize the impurities which
then dissolve in a slag composed primarily of Pb0. The
slag phase produced in this operation must then be recovered
and separately treated to recover the oxides of the impurity
metals, After reverberatory softening operations, the
impurity metal oxides are recovered by fuming the slag in
the presence of carbon to produce an antimonial-Pb and a
fume composed primarily of the trivalent oxides of As and
Sb. In kettle softening, sodium salts are added together

with Pb0 to produce a nonvolatile liquid solution of sodium
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arsenates, antimonates, and stannates which require further
tréatment to recover the impurity metals either as pure
oxides or metals.

The results of this study propose that, provided the
concentration of Sb,04 in the slag is sufficiently high,
slag treatment for the recovery of Sb as the trivalent oxide
can be greatly simplified while, at the same time, producing
a high purity product of Sb,

The experiments performed in this portion of the
investigation were concerned primarily with the relative
rates at which the oxides of As, Sb, and Sn could be removed
from slag melts under conditions of elevated temperature and
reduced pressure, This experimental investigation is intended
as a feasibility study rather than a rigorous kinetic study
of the various steps occurring in the overall process. A
great deal of further work, not included in this study, would
have to be done before any quantitative statements could be
made concerning the actual rates of renoval or the mechanisms
by which the actual removal is effected. In view of this
stated purpose, the operating variables including tempera-
ture, pressure, slag composition, and addition agents were
modified in an attempt to determine the optimum conditions
for the rermoval of volatile oxides from lead~softening slags.
The vacuum-removal experiments performed in this portion of

the investigation can be conveniently divided into two
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separate categories: 1) those without silica additions;

and, 2) those with silica additions, Each group of experi-
ments will be discussed separately in the following sections,
All x-ray diffraction phase analyses for the slags and con-
densates produced are presented in Table 9,

The Removal of A5203, Sb203, and Sn02 fromn PbO-—MeXOy

Slags at Reduced Pressure and Elevated Temperature, The

experimental data for the removal of As;03, Sb203, and SnO2
fron PbO-Mexoy slags are given in Taole 6 and presented in
graphical form in Figures 24-28, With the exception of test
G, all tests were nade at a reduced pressure of 200u Hg;
test G being made at atmospheric pressure,

The first tests that were run (i and J) were made to
determine the feasibility of selectively distilling As;04
from a 2 wt % A5203-Pb0 slag at 500° and 650°C under a
vacuun of 200u lig., DBoth slags used for these tests were
first preformed, cooled, and crushed to -150 mesh before
being used for the tests. In test li, the Asy05 content was
reduced from an initial concentration of 1,80 wt % to a
value of 1.32 wt % in a 4-hr period under a vacuum of 200y
Hg at 500°C. By increasing the temperature to 650°C, as in
test J, thg residual amount of A5203 was reduced to 0.96
wt %, approximaﬁely one-half of the original amount. Due to

the very high vapor pressure of As,03, no measurable amount

of condensate was produced in either of these tests. A
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noticeable deposit was observed, however, on the inside
walls of the vacuum take-off line and trap and it was
noticed that the vacuum pump oil became cloudy during both
tests,

Because As usually comprises only a small fraction of
the impurity oxides in commercial lead softening slags, no
further extensive program of experimentation was carried out
to investigate the removal of As,03 from binary A5203—Pb0
slags, except for a third test made at 800°C, The results
of this test (DD) are presented in Figure 24 and given in
tabular form in Table 6. It is apparent that the vacuum
distillation of A5203 from this slag at 800°C is no more
efficient than that observed for test J. The primary reason
for this behaviour is due to the drastic decrease in avail-
able surface area of the slag. The enhanced volatility of
As,03 at the higher temperature has been nullified by virtue
of the fact that the slag nc longer has a high specific
surface and, in addition, is composed of a very viscous,
2-phase mixture which is very difficult to stir effectively.

The second series of tests conducted in this portion of
the investigation were made to determine the feasibility of
selectively distilling Sb203 from binary PbO-Sb203 slags at
reduced pressure over a wide variety of temperatures. Since
the majority of lead softening slags contain Sb,05 as the

major oxide impurity, there is considerably more justification
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Wt 3 A5203

2.0

t, hr

Figure 24, Removal of As from a 3 wt % A3203—Pb0 Slag by
Vacuum Distillation at 800°C: Test DD, 200u
Hg Pressure.
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in investigating these binary slags than there is in the
case of As,

Before any tests were made at reduced pressure, one
test (G) was made at atmospheric pressure at 750°C to deter-
mine whether Sb203 could be removed from a slag without the
necessity of applying a vacuum. The results of test G are
included in Figure 25 and clearly indicate that no substan-
tial reduction in the Sb content of the slag took place,
Approximately 2 gm of condensate were recovered which con-
tained 74.87 wt % of Sb,03 and 22,37 wt % PbO,

The results of a series of tests made under reduced
pressure at 650° and 750°C are given in Table 6 and included
in Figure 25, In test E, made at 650°C, approximately 30%
of the Sb was removed from the slayg over a 4-hr period,

Very little condensate was recovered, however, which may
have been due to the nucleation of solid particles of

Sb203 in the gas phase which were swept out of the reaction
tube by the vacuum pump. The condensate which was recovered
contained 92,29 wt % Sb203 and 4,42 wt % Pb0, which is a
considerable improvement in grade over the previous test

(@ .

The remaining two tests made at 750°C (F and AA) differ
only in duration. By increasing the time from 4 hr (test F)
to 12 hr (test AA), a further small reduction in the Sb203

content of the slag was achieved with a corresponding
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pe
-
7500C, atm pressure
20 |V Test F, 750°C, 200u Hg pressure |
A Test E, 6500C, 200u Hg pressure
18 ) ) ] 1
0 1 2 3 4 5

t, hr

Figure 25, Removal of Sb from a 30 wt $ 8b203~PbO,Slag by

Vacuum Distillation at 650° and 750°cC
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increase in the yield of condensate. Both condensates pro-
duced contained in excess of 95 wt % Sb,04.

The results of a second series of tests (II, iH, JJ, BB,
and GG) made on Sb203-PbO slays are given in 7Table 6 and
shown graphically in Figures 26 and 27. The results of
test II, made at 7OOOC, and tests HH and JJ, made at 775°C,
offer little more than what has been learned from the tests
already described, It is apparent that as the temperature
is raised the removal of Sb,0., becomes increasingly more

23

efficient because of the increased vapor pressure of Sb,0

476
and. the decrecased viscosity of the slays, which provides for
rmore effective stirring of the melt., The analyses of the
condensates produced in these tests, given in Table 6,
appear to be somewhat uncertain due to the fact that they
begin to shcw in excess of 100 wt % Sb203.

that the Pb0 analyses are sonewhat rnore reliable, however,

By assuming

the condensates appear to contain at least 98 wt % Sb203,
The disadvantage of operating at higher temperatures
is shown by the results of tests BB and GG which were made
at a temperature of 850°C, The results of these tests
are given in Table 6 and shown graphically in Figure 26.
The increased volatility of Sb406 together with the decreased
slag viscosity result in more efficient removal of Sb from
the slag but the higher temperature also allows for the

increased volatility of Pb0O. In both tests the recovery of
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36

30

Wt %
Sb203

24

O Test 1I, 700°C, 200u Ig
18 [~ pressure

] Test GG, 850°C, 200u Hg pressure

/\ Test BB, 8509C, 200y Hg pressure

12 I I | |
0 3 6 9 12 15

t, hr

Figure 26, Removal of Sb from a 30 wt $ Sh,0,-Pb0 Slag

by Vacuum Distillation at 700° and 850°C
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39 ] T 1

- () Test HH, 775°c, 200p Hg pressure -

21
/A Test JJ, 775°c, 200y Hg pressure
18 | u | |
0 3 6 9 © 12 15
t, hr

Figure 27. Removal of Sb from a 30 wt % Sb203—PbO Slag
by Vacuum Distillation at 775°C



T 1171 109

Sb as the trioxide was found to be greater than 70 wt %.
The purity of the condensates produced was, however, quite
a bit lower than that for tests I1II, HH, and JJ. The
increased vapor pressure of Pb0 at this temperature accounted
for approximately 6 wt % Pb0O in the condensates.,

A third series of tests made on PbO-Sb203 slags was
carried out at 700°C without first preforning the slags at
a higher temperature to insure a conmpletely liquid melt at
the beginning of the tests. The slags used for tests LL and
MM were preformed, cooled, and ground to 90%-65 mesh. In
test LL the removal of Sb203 was approximately the same as
that observed for test II, in which the slag was initially
supexr-heated. The surface of the particles of slag used for
this test were depleted in Sb203 during the heating-up period
and prevented their coalescing into one mass. Some sinter=-
ing was observed at the end of the test but the slag
remained rather loosely granular. Test MM essentially
duplicated test LL except that the initial Sb content of
the slag was reduced to 22 wt %, approximately the composi-
tion of the slag at the end of test LL. Practically no
further reduction in the Sb content of the slag was achieved
in this test., Test IUN was also essentially a duplication of
test LL with the exception that the preformed slag was
ground to 90 % -150 mesh. The Sb content of the slag

decreased from 26,95 wt % Sb203 initially to 7.40 wt $ Sb,04
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at the end of the 8-hr period. The much reduced particle
size resulting in an even greater increase in the specific
surface was responsible for the very low level to which

Sb was removed from the slag. The condensates produced

in tests LL and NN contained above 98 wt % Sb,0,. The éon-
densate produced in test MM showed a somewhat lower Sb
content due to the small amount of rernoval of Sb203.

One series of tests was made to determine the relative
rates at which As and Sb could be removed from a 3 wt %
As,0,-30 wt 3 Sb,0,-Pb0 slag at 750° and 800°C under a
recduced pressure of 200y Hg., The results of these tests
(P and CC) are given in Table 6 and shown graphically in
Figure 28, The removal of Sb from these slags compares
with the results obtained in the previous tests made on the
binary slags. The removal of As, however, presents an
interesting phenomenon, In test P the removal of As just
balances the reduction in the total slag volume caused by
the distillation of relatively large amounts of Sby03. As
a result, the concentration of As in the melt remains
virtually constant. When the temperature is raised to
BOOOC, for test CC, the increased rate of removal of Sb
causes the residual concentration of As in the slag to
actuallyiincrease during the test. The condensates pro-
duced in these two tests contained less than 2 wt $ Pb0 and

alwost equal anounts of A5203; 3.07 wt & for test P and

110
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31 ' 1 : ' l
@ Test P, Sby05, 750°C, 200u Hg
pressure
V Test cc, Sb,05,800°C, 200y Hg
28 pressure -
[] rest P, as,04, 750°C, 200y Hg
pressure
A Test CC, As,05, 800°C, 200y Hg
pressure
25

22

19

Figure 28. Removal of As and Sb from a 3 wt % As;03-30 wt %
Sb,0,-Pb0 Slag by Vacuum Distillation at 7500

and 800°c
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2,58 wt % for test CC.

Since the vapor pressure of 5n0, is considerably less
than that of either Sb,05 or A5203, and since lead-softening
slags seldom contain rmore than 10 wt % Sn0,, no comprehen-
sive series of tests was made to investigate the vacuum

distillation of Sn0., from SnOZ-PbO slags. One test (U)

2
was made on a 3 wt % A3203—25 wt % Sb203~12 wt % SnOZ—PbO
slag‘under reduced pressure at 700°C. The results of this
test are given in Table 6., Neither of the three impurity
oxides present was removed from the slag to any appreciable
extent., Twenty-seven gms of condensate were recovered which

contained 95.28 wt % Sb,03, 2.96 wt % As20 2.34 wt % Sn0,,

3'
and 0.99 wt % PbO.

The vacuun-removal cxperiments briefly outlined above
were performed in an attempt to determine the feasibility
of removing A3203, Sb203, and Sn02, at the concentrations at
which they normally occur in lead-softening slags. This
procedure is not technically feasible under the conditions
used in this investigation and, as a result, will not be
considered further,

The vacuum distillation of Sb,04 from lead-softening
slagys appears to be much more favorable. Two main factors
contribute to the potential application of vacuum techniqﬁes

to the removal of 5b,034. Of primary importance is the fact

that the vapor pressure of Sb406 is very much higher than
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that of Pb0. As a result, a near-perfect separation of
Sb203 from Pb0 is at least theoretically possible. The
second factor, of perhaps more importance than the first,
is that commercially-produced lead-softening slags normally
contain much higher concentrations of Sb203 than of either
As,04 or Sn0,. This high concentration of‘Sb203 allows for
a sufficiently rapid rate of removal as to be of interest
economically.

Several of the tests described above resulted in the
removal of approximately 75% of the original Sb203 content
of the slag. The time required to achieve this result,
however, is much too long to be of interest on a cormercial
scale. Therefore, before any set of optinum conditions for
the vacuum removal of Sb203 from lead softening slags can
be formulated, it 1s necessary to reduce this time as much
as possible,

The Removal of Sb,0, from Pb0~8102—8b20 Slays at

273 3

Reduced Pressure and Llevated Temperature, The rate of

removal of Sb,05 from lead-softening slags can be achieved
in eithexr or both of two ways. The most obvious of these
would be to conduct the tests at a lower reduced pressure.
In doing so, however, the vaporization of Pb0 would also
be increased which would result in an impure condensate
being produced., A second alternative would be to determine

suitable slag addition agents which would result in 1) an

113



T 1171 114

increased activity, and hence an increased vapor pressure,
of Sby03, 2) a decreased activity, and hence a decreased
vapor pressure of Pb0, and 3) a decreased slag viscosity.
Sither or all of these effects would result in an increased
yield of higher purity Sb,03 condensate.

It was determined that the addition of silica to the
binary Pb0-5b,03 slags studied in the previous section would
fulfill the second objective of a desirable addition agent,
as discussed above. Lead oxide has a strong tendency to
form silicates in the presence of silica at elevated tenpera-
tures. The phase diagram for the Pb0-5i0, system is shown
in Figure 29, It can be seen from Figure 29 that Pb0O forms
at least 3 stable Pb~silicates at elevated tenperatures;
B-~4Pb0°+510,, 2PbO-Si02, and Pb0*5i0,. In addition, at
least one other Pb-silicate has been observed to occur in
nature with a composition corresponding to 3Pb0+25i0,. In
order to determine the effect of silica additions to lead-
softening slags on the rate of removal of szo3 under
reduced pressure, a series of tests was conducted in which
the amount of silica added was vairied from 4.3 wt % to
14.7 wt % Sioz. The relative arounts of Pb0 and Si0,
contained in the siags correspond to the points labeled
A, B, ¢, D, and B in Figure 29, In all of the tests made,
the concentration of Sb203 was held constant at approxi-

mately 30 wt % initially.
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Figure 29, Phase Diagram for the Pb0O-rich End of the
Pb0~510, System
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The results from this series of tests are presented
in tabular form in Table 7 and shown in graphical form in
Figures 30-34., Each test was repeated at temperatures of
750° and 850°C under a reduced pressure of 200u lg., 1In
tests RR and SS the molar ratio of Pb0 to Sil0, was adjusted
to a value of 4, corresponding to the point A in Figure 29,
It is apparent from Figure 30 that the rate of removal of
Sb203 was approximately the same as that observed for the
most successful test made without silica additions for
test RR made at 750°c, Eighty gms of condensate were pro-
duced in this test which contained 98.71 wt % Sb,04
(determined from Pb0 analysis). By increasing the tempera-
ture to 850°C, an increased degree of renmoval of Sb203 was
obtained, Test SS resulted in a decrease in the Sb,05 con-
tent of the slag from 33,7 wt % initially to 16.0 wt % at
the end of the 8~hr period. This test produced 119 gms of
condensate which contained 93.86 wt % Sb203. The decreased
purity of the ccndensate was due to the increased volatil-
ization of Pb0 at the higher temperature,

The second pair of tests (VV and WW shown in Figure 31)
was made with a molar ratio of Pb0 to Si0, of 2.91, cor-
responding to the eutectic composition between 8-4Pb0°SiOZ
and 2Pb0-510, shown as point 8 in Figure 29, A further
increase in the degree of removal of Sb,04 from the slag

was observed. The results of test VV, made at 750°C, are

1le
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® Test RR, 750°C, 200u Hg pressure
30 & Test SSs, 850°C, 200p Hg pressure -
24 -
Wt % .
Sb203
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Figure 30. Removal of Sb from a 4,3 wt & 5i0,-30 wt

Sb203-Pb0 Slag by Vacuum Distillation at
750° and 850°cC
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C)Test Vv, 7500C, 200y Hg pressure

850°C, 200y ilg pressure

30 Y Test Wd,
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Sb 0
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Figure 31. Renoval of Sb from a 5.6 wt % Si0,-30 wt %
Sb,04-Pb0 Slag by Vacuun Distillation at
750° and 850°cC
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somewhat erratic and are probably not representative, The
increased efficiency of removal is well-pronounced, how-
ever, at 850°C in the results for test WW. The recovery of
Sb,04 in the condensate was slightly greater in these tests
than what was observed for tests RR and SS., The purity of
the condensates produced in these tests was also noticeably
higher than was observed in tests RR and SS.

The third and fourth pairs of tests (PP and QQ shown
in Pigure 32 and XX and YY shown in Figure 33) were conducted
on slags with a molar ratio of Pb0 to SiO2 of 2 and 1.47,
respectively. A furtiher increase in the degree of removal
of Sb203 was observed for these tests over that obtained for
tests VV and WW. The results of these 2 pairs of tests are
seen to be nearly identical at the respective temperatures
and will be discussed together, The condensates produced in
tests PP and XX contained approximately 70% of the original
amount of Sb,04 contained in the slag at a purity of 99 wt %
Sb203 or higher. The condensates produced in tests QQ and
YY, made at 850°C accounted for a recovery of approximately
87% of the Sb,05 at a purity of greater than 98 wt % Sb203.

Because of the high degree of removal of SbZO3 from
slags containing 8.2 and 10.5 wt % SiOz, tests PP and Qu}
were duplicated at greatly reduced pressure under the same
conditions of temperature. The results of these tests

(AB and AC), nmade at a pressure of 5u llg, have keen included
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Figure 32, Removal of Sb from a
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® rest xxX, 750°Cc, 200y Hg pressure
30 Y Test YY, 850°c, 200y Hg pressure -
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Sb203
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Figure 33, Removal of Sb from a 10.5 wt % Si02—30 wt %

Sb203-Pb0 Slag by Vacuum Distillation at

750° and 850°C
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in Figure 32 for comparison with tests PP and QQ. It is
readily apparent that the decreased pressure results in a
rmuch nore efficient renoval of Sb203. Because of this very
low pressure, however, the increased volatilization of Pb0
results in a significantly reduced purity of the condensate.
In both tests AB and AC the concentration of Pb0 in the
condensate was approximately 5 wt %.

In order to complete the investigation of the effects
of silica additions on the rate of removal of Sb203 from
lead~softening slags under reduced pressure at elevated
temperatures, a final pair of tests was conducted in which
the molar ratio of Pb0 to 5i0, was held at a value of 1,
This ratio corresponds to the point E on the phase diagram
for the Pb0-5i0, system shown in Figure 29. The greatly
increased viscosity of this melt resulted in a much less
efficient removal of Sb203 as shown by the results for
tests TT and UU presented in Figure 34, The purity of the
condensates produced in these 2 tests was the highest, how-
ever, for the condensates produced in this series of tests,
Test TT yielded 73 gms of condensate containing 99.5 wt %
Sb203 while test UU yielded 107 gms of condensate contain-
ing 99.25 wt % Sb203f

Quantitative information regarding the intermolecular

forces in complex Pb-silicate melts would be helpful in

explaining the relative ease with which Sb203 could be
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distilled from PbO-Si02~Sb203 slags., However, due to a
general lack of such information in the literature, no such
discussion can be made here. It is possible, however, to
make the gualitative statement that as the concentration of
SiO2 in these ternary slags is increased from 4.3 wt % to
10,5 wt %, the degree to which Sb203 can be distilled from
them under reduced pressure is correspondingly increased,
As the concentration of Si0, is increased above 10.5 wt %,
the vacuum removal of Sb203 becones less efficient.,

In order to compare the rates at which Sb203 can be
distilled from lead softening slags which contain silica
additions and those which do not, some quantitative infor-
mation regarding the vapor pressure of Sb406,above these
slags is required., It was for this purpose that the Pb0 to
5i0, ratio of 2 was selected for the vapor pressure study
of PbO—SiOz-Sb?_O3 slags discussed in a previous section.

In referring to Figure 23, it is seen that the vapor pres-
sure of Sb406 above the Pb-silicate slags at 700°C is
greater than that above the binary Sb203-Pb0 slags at all
compositions above approximately XSbZO3 = 0.21 (on Pp0 +
Sb203 basis). This difference in vapor pressure accounts
for the more rapid initial rate of removal of Sb203 observed
in the case of the slags containing silica over those which
do not. Using Bgquation (16) and the equilibrium 5b,0,

. Pb0 .
content for a Pb0—5102-5b203 (333; = 2) slag in contact
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with Pb at 700°cC (test BF, Table 8), ap1,0 is calculated to
be 0.571 (on PbO+Sb203 basis). A similar calculation has
been made for the Pb0—8b203 systen for XSb203 = 00,0683 with
the result that Appg = 0.964. Thus, it is apparcent that
the addition of SiO2 to PbO-Sb203 slags results in an
increase in the purity of the condensate due to thg'result~
ing decrease in the activity, and hence vapor pressure, of
PLO.,

The fact that the concentration of Sb203 can be reduced
to much lower levels when silica is present is alnost
entirely due to the greatly increased fluidity of the
silica~based slags. The very viscous nature of the binary
PbO-Sb203 slags prevented tﬁe stirring action from con-
stantly replenishing the surface of the melt with Sb,05.

As a result, the transport of Sb203 from the bulk solution
to the surface of the melt became the rate determining
step whichvcontrolled the actual rate of removal, Because
of the very fluid nature of the majority of the Pb-
silicate slaygs, stirring was very effective and the con-
centration of Sb203 was observed to be decreased to much
lower levels than was observed for the slags containing no
silica additions,

Accurate mass balances on the tests described above,

[s)

from which the % recovery of Sb203 could be calculated,

could not be made in this investigation. The recoveries
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mentioned above are meant to be only approximate values.
Due to the formation of iron oxides on the crucibles used
for the tests during cleaning, a significant amount of Pb
metal was formed in some of the tests. The amount of Pb
formed by reduction of Pb0 by Fe0 varied with the condition
of the crucible and the temperature at which the tests were
carried out. No reduction of Pb0 was observed with new
crucibles., As much as 30 gms of Pb were produced in some
of the tests made at BSOOC. Also, some of the Pb and PbO
present in the crucible vaporized and was observed to con-
dense in the hotter, lower portion of the condenser where
the Pb0 reacted with the silica and thus could not be
recovered for weighing,

gased on the results of the tests described in the pre-
vious section, a process using reduced pressure at elevated
temperature has been developed in which the Sb,03 content of
a 30 wt % Sb203-PbO slag can be reduced to 10 wt % or
slightly less in a period of 8 hrs at 200u Hg pressure,
The Sb203 can be recovered as a dense, non-adherxing con-
densate containing in excess of 99 wt % Sb,03.

The conditions under which this process works best are
as follows:

1) temperature - 750°C

2) pressure - 200u Hg

3) slag addition agents = 8-10 wt ¢ Si0,



T 1171

4) residual atmosphere - inert X
The degree of removal of Sb203 will be increased as
either the temperature is increased or the pressure is

decreased. The purity of the condensate produced will

decrease in either case, however.

Selected Slag-Metal Equilibria in the Sb,03-510,-Pb0 System

The process described in the preceding section for the
recovery of Sb203 from lead-softening slags has the dis-
advantage of leaving a somewhat high Sb203 content in the
residual slag. As a result, it might be desirable to
recover both the Sb and Pb values remaining. An ideal way
of achieving this result would be to use the residual slag
for softening additional Pb bullion. After this operation,
the slag could be returned for further vacuum treatment for
the recovery of the Sb,03. A cyclic process such as this
would have the advantage of being able to use a small
recirculating slag volume which would greatly reduce the
slag and dross handling problems normally encountered with
the softening of Pb bullion.

The results of several slag-metal equilibrations car-
ried out for Pb0-Si0,-5b,0; slags in contact with dilute
Pb~Sb alloys are given in tabular form in Table 8. The

results of these tests indicate that the Pb-silicate slags

produced in the vacuum rernoval of Sb203 tests are not
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capable of softening Pb bullion to any considerable extent,
The equilibrium Sb contents are all much too high to yield
a refined Pb metal of acceptable purity.

A second alternative to the disposal of these slags
would be to add them directly to the lead blast furnace
using Fe as a reducing agent. If a sufficient market for
antimonial-Pb exists, these slags may also be converted to
this product in a separate reverberatory smelting operation
in which the Pb=-silicate slags would be reduced by Fe and

carbon,

Vapor Pressure of As, above Dilute As-Pb Alloys at 703°¢C

The removal of As from lead-softening slags as the tri-
valent oxide by the application of vacuum technigues wés
shown not to be feasible by the results of tests described
in an earlier section. Since the vapor pressure of As,
above pure As is known to be very high, the application of
vacuum techniques to the removal of elemental As from Pb
bullion might provide an alternative method by which lead
could be softened, at least insofar as As is concerned,

The literature contains almost no information regard-
ing attempts by earlier workers to remove As from Pb by
vacuunm distillation. Caldwell, Spendlove, and St. Claire
(1960, pp. 1-12) have studied the vacuum distillation of

cd, zZn, Mg, Te, Sb, and As from Pb and Sn over a range of
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temperatures., No mention is made, however, as to whether
As was successfully removed from the alloys supposedly
studied. They have determined that Sb could not be removed
from a 2.3 wt $ Sb-Pb alloy at 1000°cC.

In view of the lack of experimental data regarding the
vaporization of As from Pb-As alloys, a somewhat limited
vapor pressure study was made on alloys centaining from
0.5wt & to 3.3 wt % As in Pb., The results of this study
are given in tabular form in Table 5 and shown graphically
in Figure 10. The vapor phase above pure As at 703°C is
composed of a mixture of AS gy DSy, and As. The vapor pres-
sures of As, and As are, however, negligible with respect
to the pressure of As,. The sublimation temperature of As
is given by Elliott and Gleiser (1963, p. 19) as 613°C and
the melting point as 817°C under a pressure of approximately
28 atn.,

The results given in Table 5 have been replotted in
Figure 35 together with values of X-pg54 (for an ideal As4
solution) for comparison. The vapor pressure of Asy
above pure As at 703°C (referred to the hypothetical, super-
cooled liqguid) is calculated to be 16,720 mm Hg using the
data of Elliott and Gleiser for the heats of sublimation
and fusion of As, It is readily apparent from Figure 35
that the vapor pressure of As, above dilute Pb-As alloys is-

nmuch too low for the efficient removal of As from such
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Xpg in alloy

Figure 35, Vapor Pressure of As, above Dilute Pb-As Alloys
at 703°c
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alloys to concentrations much below 1 wt ¢"As. Since the
concentration of As in Pb blast—-furnace bullion rarely
exceeds 1 wt %, the application of vacuum techniques to
the removal of As from Pb does not appear to warrant
further investigation.

The data presented in Table 5 can be converted into the
. thermodynamic activity of As in Pb by division of PAs4 by

pO = 16,720 mm Hg and taking the fourth root of the

As

resilting pressure ratio. A Gibbs-Duhem integration of
these activity data is presented in Table 17, A plot of the
a-function for As in Pb is shown in Figure 36, It can be
seen from the data of Table 17 and Figure 36 that the
behaviour of As in dilute Pb-As alloys at 703°C is charac-
terized by a near approach to ideality., Furthermore, it
would appear that a regular solution model for the Pb--As
system at 703°C would be a good approximation for the system
for compositions above 5 mole ¢ As due to the near-constant
value of the a-function with composition. Although the

. slope of the a~function with composition appears to be zero
for a portion of the composition range studied in this
investigation, it is not safe to assume a regular solution
model due to the rather narrow limits of the As
concentration range. The apparent outlier represented

by the alloy containihg 1.43 mole % As is a result of

the fact that the vapor pressure of As, above the alloy

was barely detectable by the experimental
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0.10

Figure 36. Variation of the As oa-~function with Composition

for the Pb-As System at 703%C
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procedure used in this investigation. Because of this,
the apparent vapor pressure determined for this alloy could
be in considerable error.

The activity of As in Pb determined in this investiga-
tion cannot be directly compared with the results of any
previous investigators. As was mentioned previously, the
literature contains very little inforxmation concerging the
activity of As in Pb, J. H. Richards, Imperial Smelting
Corporation Ltd. (1968, private communication) has described
some thermodynanic investigations of dilute Pb-As alloys
in the temperature range from 900°-1100°C., His results
indicate similar pressure-composition relationships to those
reported in this investigation. Moriyama and coworkers
(1964, pp. 191-4) have also investigated the Pb-As system
at temperatures from 450°-600°C. As a result of an enf
study, they have found that the activity of Pb in this
system shows a positive deviation from ideality over the
entire composition range studied. The behavior of As was
found to be characterized by a strong positive deviation
from ideality. Since a detailed account of their work is
not readily available, no English translation having been
made of the original Japanese article, a thorough investiga-
tion of their results is not possible.

The activity of As in Pb determined in this investiga-

tion can be successfully predicted from the phase diagram
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for the Pb-As system. The phase diagram cénsists of &
single eutectic located at 7.6 wt $ As at a temperature of
289°%. No compounds are known to exist between Pb and As,
and no solid solubility has been reported for either As in
Pb or Pb in As, Calculations for Ygs' using the Claugius~
Clapeyron equation for freezing-point depression, have
been made in the past by a number of investigators, among
them Davey (1963, pp. 514-5). The results of such a calcu-
lation are shown in Figure 37. It is readily apparent
from the figure that the regular-solution model used for
the calculation represents a good approximation for a value
of st comparable to the values for the activity coefficient
of As in dilute Pb~As alloys as determined in this investi-
gation. Although the data of this investigation are some-
what limited, they indicate that YXS might be slightly
greater than unity. This would agree with the results of
Moriyama and coworkers obtained at lower temperatures,

The results shown in Figure 38 represent an attempt to
- determine Yﬁs in the Pb-As system at 703°C. The very steep
curvature observed at very low arsenic concentrations does
not allow an accurate extrapolation to zero As concentra-
tion, however.

The results of this investigation, although far from
complete, show that As in dilute Pb-As alloys at 703°C

exhibits near-ideal-soluticn behavior., Because the vapor
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Figure 37. Activity of As in the Pb-As System at 703%C
(Standard state - pure, hypothetical, supercooled
liquid As)
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Figure 38. Variation of lnyAs with Composition for the
Pb-As System at 703°C
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_ . 1 en O 4
pressure of As 4 above Pb-As alloys is equal to pAS4(aAS) '
ideality with respect to As does not insure a high pressure
of As, above the alloys. As a result, the vacuum distil-
lation of As from Pb blast-furnace bullion containing small

amounts of dissolved As would not appear to be technically

. feasible at a temperature near 700°C.
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CONCLUSIONS

On the basis of the experimental results obtained in
this investigation, several conclusions can be made and
several bases for further investigation can be proposed.

The vapor-pressure determinations which have been made
in this investigation for the PbO-Sb203 system show that
the behavior of Sb203 is characterized by a strong negative
deviation from ideality at all conmpositions below 50 mole
% Sb,045 at 700°C, The bechavior of Ph0 is characterized by
a positive deviation from ideality at all compositions

above approximately 63 mole % Pb0 and by a negative devia-

tion from ideality in the range from 63 mole $ to 50 mole %

O o . PbO
Pb0 at 700°C. In the Pb0-5i0,-Sb,04 (5335 = 2) system, Sb,03
exhibits a negative deviation from ideality at all comn-

positions below 25 mole % Sb.,0 The slag systems do not

273
form an ideal or a regular solution in either case,
Since the activities of both Pb0 and $i0, have been
determined in the PbO-—SiO2 system by other investigators,
the activity study in the PbO--Sb203 systen reported in this

investigation should be extended through the remainder of

the system before suitable data can be obtained to yield
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the individual component activities in the ternary
Pb0-8102~bb203 systemn,

In the temperature range from 6507 to 7500C, the
standard free energy of formation of liquid Sb203 is

given by the expression: AG? = ~159,190 + 56,20 T. The

equilibrium constant for the reaction:

28b(1 wt g in pp) T 3 FPO(q) = SB05(y) * 3 Fb(y,
. . . < .. 4980
is given by the expression: 1log heq = —_ " 4,165, for

the temperature r.uge from 650° to 750°C, The standard
free eneryy of formation of Pb0'8b203 from the elements at
604°C is calculated to be -146,580 cal.

The vacuun-removal experiments conducted in this inves~-
tigation show that As and Sn cannot be efficiently removed
as oxides from artificial lead-softening slags by vacuum
distillation at the concentrations and temperatures nor-
mally encountered in the conventional fire-refining of lead.

A set of optirum conditions was determined to treat an

artificial lead-softening slag containing 30 wt % Sb.,0

2" 3°
These optimum conditions were 200u Hg pressure, or lower,
and an addition of Si0, of from 8-11 wt % Si0,. The process
was successful in removing approximately 80 wt % of the
original Sb,05 content of the slag in 8 hr and producing a
condensate containing in excess of 98 wt %'szo3 at
temperatures of 750° and 850°c.
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Several tests conducted in this investigation showed
that successful recovery of Sb as the volatile trioxide
from artificial lead-softening slags might be achieved at
temperatures below the melting point of the slags. A
full=scale investigation of this method would be necessary
to determine if it would present major advantages over the
process outlined above,

The vapor-pressure determinations made in this investi-
gation for the Pb-As system shqw that As exhibits near-
ideal-solution behaviox, in agreement with the phase diagram,
at 700°C. 1In view of the experimental results obtained,
the vacuum distillation of As from very dilute Pb-As alloys
at 700°C does not appear to be technically feasible in
spite of the very high vapor pressure of pure As at this

temperature,
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SUMMARY

The vapor pressure of Sb406 was determined above Pb0-

AeCi A o Pb0 _ . « At o .
Sb203 and Pb0-510, Sb203 (Si02 2) slags at 700°C. The

“thermodynamic activity of Sb,04 in both slag systems was
calculated using the measured vapor-pressure data, In the
PbO-SbQO3 slag systemn, Sb203 was found to show a negative
deviation from ideality at all slag compositions below 50
nole $ Sb203. The pehavior of Pb) was found to be mixed.
Activity coefficients for PLO, calculated by means of a
Gibbs~-Duhen integration of the Sb203 activity data, were
found to exceed unity at all slag compositions above
approximately 63 mole % Pb0, At slag compositions between
63 nole $ and 50 mole % Pb0, activity coefficients were

found to be less than unity. In the PbO-SiOz-Sb203
Pl
(=

Siop
deviation from ideality at all slag compositions below

= 2) slag systemn, Sb203 was found to show a negative

25 nole % Sb203. A calculation for the activities of Pb0

and SiO2 in the silicate slag system was not possible due
to a lack of sufficient data.
The vapor pressure of Sb406 above pure, solid, cubic

Sb203 was determnined for the terperature range from 422° to
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599°c, fThe logarithm of the measured vapor pressurc above
cubic Sb203 was observed to vary directly with reciprocal
absolute temperature,

Tests were made on the rate of removal of As, Sb, and Sn
as oxides from 500 gm of 3 wt § As,0,-Pb0, 3 wt % As,04=
30 wt % Sb203-PbO, 30 wt % £b,04-Pb0, and 3 wt % A5203-

30 wt % Sby03-10 wt $ Sn0,-Pb0 artificial lead-softening
slags under reduced pressure conditions at tenperatures
between 500° and 850°C, The results of these tests indi-
cated that successful removal of As and Sn as oxides, at the
concentrations studied in this investigation, was not tech-
nically feasible at a reduced pressure of 200y lg. The
results obtained for Sb, however, suggested the possibility
of removing Sb as the volatile trioxide under a reduced
pressure of 200y lHg at temperatures above 700°c.

As a means of increasing the recovery of Sb from Pb0O-
base slags, tests were made on the rate of removal of Sb
from slags containing a variable Si0, content. The addition
of 5i0, to lead-softening slags improves the recovery of Sb
as the volatile trioxide by increasing the activity of Sb;04
in the slag at compositions greater than 13 mole % Sb,03.

In addition, it was observed that the increased fluidity of
the slags containing an optimum 510, concentration accounted
for an increased rate of rermoval of Sb at low Sb203 concen-

trations where the activity of Sb203 was lcwer than that
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determined for the slags containing no Si02 additions., The
purity of the condensates produced during the tests made on
slags containing SiO2 additions was_also found to be higher
than that observed for similar slags containing no $i0, due
to a reduction in thé activity of Pb0, and hence its vapor

pressure, }

A set of optimum conditions was determined to treat an
artificial lead-softening slag containing 30 wt % Sb,05.
These optimum conditions were 200u Hg pressur«< and an addi-
tion of SiO2 of from 8-11 wt % 5i0,. The process was
successful in removing approximately 80 wt % of the original
Sb,04 content of the slag in 8 hr and producing a condensate
containing in excess of 98 wt % Sb,03 at temperatures of
750° and 850°c.

Finally, the vapor pressure of As, was determiied above
dilute Pb-As alloys at 703°C as a preliminary study to a
full-scale investigation of the vaporization of As from
- Pb-As alloys. The study proved the impossibsility of
recovering As from Pb-As alloys containing less than about
3 nole $ As by vacuum distillation under moderately reduced
pressures at 703°C.  7The experimental results, when con-
verted to As activities, show that'the behavior of As in
Pb-As alloys containing less than 10 mole % As is character-

ized by near-ideal-solution behavior at 703%c.
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Appendix II, lMethods of Chemical Analysis
A. Chemical Analysis for As and Sb in Lead Oxide Slags

Iy the Distillation-Bromate lMethod (ASTM Analysis

E46~606) ;

l. A 0.25 gm sample was transferred to a 500 ml
Erlenneyer flask.

2. To the flask and to a second flask carried.
through the procedure as a blank, 15 gm KHS0 4
and 20 nl H,50, were added,

3. The flask was gently heated to decompose the
sanmple, and when decomposition was complete, it
was strongly heated over an open flame to expel
or wash down the sulfur on the walls of the
flask.

4, The flask was then cooled anr: 10 ml H,0 were
added to hydrate the H2804. The sanple was
finally cooled to room temperature.

5. 50 ml ICl and 10 gm NaCl were added to the
flask.

6. The flask was connected to the distillation
apparatus (see figure below) and 200 nl H50
were added to the receiving beaker. The
distillation flask was heated on a hot plate
until the temperature of the vapor inside the
flask reached 105°C, The distillation flask

was then disconnected and reroved froim the hot

plate,
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The distillate was heated to boiling and boiled
gently for 10 min to expel sulfur compounds.
The distillate was then titrated at 80-90°C
with 0,1N KBrO3‘solution and nethyl orange
indicator added near the end of the titration.

This titration determined A3203 in Pb0O-slags

by the following fermula:

(A-B) (0.1) (0.0375) (100)

wt $ A520

l KBrO3 to titrate sample

ml KBrO3 to titrate blank

where: A

I

B
C = wt of sample in gm
To the solution remaining in the distillation
flask, 25 gm NaCl were added and the solution
diluted to 350 ml with boiling water,
The solution was titrated hot with 0,1x KBr0g

and methyl orange indicator.
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12, This titration determined Sb,04 in PbO-slags by

the following formula:

(A-B) (0.1) (0.0609) (100) . 1.2

wt § Sb,04 =
Sb203 c

where: A = ml KBrO3 to titrate sample

B ml KBr03 to titrate blank

it

C wt of sample in gm

Chemical Analysis for As and Sb in Pb by the
Distillation-Bromate Method:

The same rethod as outlined above was used to deter—
mine As and Sb in Pb with the exceptions that 1,0 gm
samples and 0.01N KBr05 were used. The calculations

for wt % As and wt % Sb were modified as follows:

(A=3) (0.01) (0.0375) (100)

wt % As x 1.32
C

and,

‘Nt % Sb - (A“B) (0001) (000609) (100) X 1.20

C

Chenical Analysis for Sn by the Iodimetric Titra-

tion Method (ASTIM Analysis ES57-60) :

l. A 1.0 gm sample was transferred to a 500 nl
Erlenneyer flask.

2, To the flask and to a second flask carried
througyh the procedure as a blank, 5 gn KHS0, and
20 ml Ii,S0 4 were added,

3. The flask was gently heated to deconpose the

sanple, and when decomposition was complete, it

153
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was strongly heated over an open flame to expel
or wash down the sulfur on thé walls of the flask,

4. The flask was then cooled and 180 ml I,0 were
added.,

5. 60 ml HCl and 10 gm pure Fe wire were added to
the flask.,

6. The flask was connected to the distillation
apparatus (described above) and a saturated NaHC03
solution was added to the receiving beaker. The
contents of the flask were hsated to »poiling and
boiled for 30 min (some undissolved Fe should
remain after boiling).

7. When reduction was complete, the contents of the
flask were cooled to 10° * 2°C under a Co, at-
mosphere,

8. Maintaining the CO, atmosphere, 5 ml starch solu-
tion were added to the flask and the solution
was titrated in the presence of Fe with standard-
ized KIO3 solution.

9. This titration determined Sn0, in PbO-slags by

the following formula:

(n) (B) (100)
C

x 1.27

wt % Sn02 =

i

- where: A nl KIO3 to titrate sample
B = Sn equivalent of KIO, solution
(0.0594 gm/ml)

C = wt of sample in gn



T 1171 155

10. The standard KI03 solution was prepared as
follows: 3.5670 gm KIO,; were dissolved in
200,0 ml HZO containing 1.0 gm NaOil; 10,0 gm
KI were then added to the solution. The
resulting solution was added to a 1000 ml
flask and diluted with water to 1000.0 ml.

This solution was then standardized against
a known Sn0,-Pb0 slag.

11. The starch solution was prepared as follows:
0.80 gm soluble starch was dissolved in 400 ml
hot HZO and allowed to cool tu room temperature.
The starch solution was preparad fresh daily.

D. Chemical Analysis for Pb and $b in Oxide Condensates
by Atomic Absorption Techniques:

J. A 0.5 gm sample was weilghed _=to a 150 ml beaker,

2., 10 ml of a mixture of conc. HC1l and ccnc, HNO 5
(10:1) was added to the samples and allowed to
stand overnight with intermittent swifling at
room temperature.

3. 20 ml of a 10% tartaric acid solution was added
to the samples, with stirring, and the samples
guantitatively transferred to 100 ml volumetric
flasks and diluted to volume with distilled
water,

4. Suitable aliquotes were then taken for analysis.
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Standard solutions were prepared from B & A

test lead metal (99.994%’Pb)4and Shb metal

(AS&R 99,999+% Sb). Solution was affected in

the same manner as described above., The

standard samples were diluted to the concen-

trations desired for calibration of the atomic

absorption spectrophotometer.

Conditions for obtaining the calibration curve

for Sb were as follows:

Instrument -=- Perkin-Llmer Model 303 Atomic
Absorption Spectrophotoneter

Wavelength == 2311,5 g

Slit -- 3-2

Source and Current -- Australian-made hollow

cathode lamp at 20 ma.

Fuel -- acetylene at 8 psi

Oxidant -- air at 30 psi

Burner -~ 3-slot Boling Burner head

The data for the calibration curve for the Sb

analyses is as follows:

log % absorntion Y gri Sb/ml
0.9465 10.0
1.1838 20.0
1.4589 40.0
1.5163 50.0
1.,5887 60.0
1.6290 70,0
1.6676 80.0
1.6990 90.0

1.7285 100.0
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Appendix III, Sample Calculation for Pog above pure Cd
from Weight-loss Data

The nolecular weight of Cd is 112.40 grn/mol.

n
Ccd
p (atn) = —————— P, (atmn) (i1f n_.<<n
cd nargon t Ccd argon)
= Aw, gm

n 2
Cd 112,40

Assuning that argon behaves as an ideal gas,

_ PtV

Nargon © RT

(Aw, gm)(Pt, atm)(?GO)RTr

Therefore mm Hg) =
' pCd ( 9) (Pt' atm) (V, liters) (112.40)

(Aw, mg) (0.08205) (760)T_

P.. (rm Hg)
Cd (V, liters) (112.40) (1000 ng/gm)

A 7 -
b (mm Hg) = —t2Me T 0 o5 550 x 1074
Cd (v, liters) X
where: T_ = temperature at which volume of argon was

r

measured, K.
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Appendix V,
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X-ray Powder Diffraction Data for Pb0, Pb, Sb,

2PbO°Si02, a~4Pb0'Si02, and y-4Pb0+5i0, as

Conpiled from the ASTIM Powder Data Index

Relative Intensity

Elzient dhklr 22,
Compound a°
yellow Ppb0 5.893 15.02 6
3.067 29,10 100
2.946 30.32 31
2,744 32.60 28
2.493 36.00 <1
2,377 37.80 20
red PbO 5.018 17.66 5
3.115 28.64 100
2,809 31.82 62
2,510 35.74 18
Pb 2.85 31.36 100
2.47 36.34 50
1l.74 52,54 50
1.49 62.24 50
Sb 3.753 23,68 25
3.538 25,14 4
3,109 28,68 100
2,248 40.08 70
Sb,0 4.57 19.40 17
273(0) 3,494 25,48 25
3.174 28,08 20
3.142 28.38 100
3.118 28.60- 75
2.738 32.68 9
2.712 33,00 9
2.650 33.78 13
2.456 36,42 9
Sb203(c) 6.44 13.74 12
3.218 27.40 100
2.788 32.08 40
2.559 35.04 11
2.276 39.56 2



T 1171 175

Appendix V, Cont'd.

Elenent ke 29, Relative Intensity
or o

Compound A°

Sb,0, 5.90 15,00 3
4,46 19.88 9
3.60 24,70 3
3.445 25.84 35
3.073 29.04 100
3.033 29,42 5
2.942 30.36 45
2,718 32.92 9
2.651 33.78 25
2,470 36.34 7
2.404 37.38 17
2.235 40,32 11

Sb,0g 5.952 14.86 25
3.108 28.70 20
2,976 30.00 100
2.577 34.78 30
2,365 38.02 4
2,102 43.00 2

As 3.52 25,28 26
3.112 28.66 6
2,771 32.28 100
2,050 44,14 24

As 504 6.394 13.84 63
3.920 22,66 <1
3.195 27.90 100
2,768 32.32 28
2.541 35.28 38
2.262 39.82 12
2.132 42,36 17

As,0g 7.1 12,46 30
5.6 15.80 30
4.88 18.16 100
4.01 22.16 10
3.58 24.84 60
3. 40 26,18 60
3.21 27.76 20
3.05 29.26 50
2.70 33.14 20
2.62 34.20 40
2.34 38.42 10

2,26 39.86 20
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Appendix V., Cont'd,

Eliient ke 22, Relative Intensity

Compound a°

o=-Sn 3.751 23.70 100
2,294 39.24 83
1.956 46.38 53

B=Sn 2,915 30.64 100
2,793 32.02 90
2,062 43,87 34

Sn0, 3.351 26,58 100
2,644 33.88 81
2.369 37.95 24
2.309 38.98 5
24120 42.61 2

2Pb0+5i0, 6.03 14.68 40
4.29 20.68 6
3.71 23.96 25
3.56 25,00 18
3.22 27.68 100
3.13 28.50 85
3,00 29.76 60
2,95 30.27 20
2.89 30.92 20
2,80 31.94 35
2.58 34,74 20
2.55 35.16 25
2.43 36.96 14
2,41 37.28 10
2,37 37.93 18
2,23 40.41 14

a=4Pb0°*51i0, 3.64 24,40 40
3.36 26,50 40
3.10 28.78 100
3.03 29.46 80
2.91 30.70 40
2.83 31.58 60
2.70 33.16 60
2.49 36.04 40
2,31 38,96 40
2,25 40.04 40

176
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Appendix V., Cont'd.

Eli?ent dhkll 23 Relative Intensity

Compound A%

Y= 4Pb0+51i0, 3.22 27.68 6
3.12 28.58 100
3.02 29.55 35
2.95 30.27 18
2,92 30.59 16
2.72 32.90 20
2,66 33,66 6
2.54 35.30 4
2.49 36.04 6
1.961 46.26 4




T 1171

Appendix VI,
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Refexence X-ray ?owder Diffraction Data for
Pb0+5b,04 and Pb0-5i0,

Conpound A1, 28, Relative Intensity
o o
A

PbO'Sb203 3.601 24,70 W
3.361 26,50 W
3.246 27.45 vs
3.025 29,50 n
2.673 33.50 w
2.635 34,00 w

Pb0°5i0, 3.527 25,23 m
3.500 25,43 m
3.304 26.9606 m
3.193 27.92 m
3.062 29,14 A
3.012 29.63 w
2,953 30,24 W
2.885 30.97 W
2,558 31,30 vw
2.779 32,18 %4
2.699 33,16 w
2.650 33.80 2
2,329 38.62 s
2.281 39.48 Vs
2,189 41.20 vw
2.046 44,22 W
2,018 44,88 w
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Appendix VII. Calculation of AG® for the Reaction

pbo(s)‘= Pb0 below the Melting Point

(1)
of PbO.
The melting point of Pb0 = 1170°k and AH? = 6,110 cal/mole

(Rodigina, Gomel'skii, and Luginina, 1961, p. 1801).

O _ O _ No)
AGf = AHf TASf

(o]
1
AS°=£-—:E-
f Te
AH®
: . — v O._ o_r'l f - - N .§—1—'—]-'-9.
Assuning Acp = 0, then AGgy = AHg T ( = ) 6110 T (1170)
Therefore, Acg = 6110 - 5,23 T

At 973°K, AGZ = 6110 - 5.23 (973) = 6110 - 5080 = 1030 cal

973
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Appendix VIII. Calculation of AG® for the Reaction

-1 wt % in Pb
Since Sb in Pb obeys Henry's law up to about 3.9 wt % at
700°C, the following equation applies for a change in
standard state from pure liquid Sb to Sb dissolved in Pb

at 1 wt %:
o o
AG, = RT 1ln ac; = RT ln y X«
T SP1 wt 5b1 wt %

At 973°%K, ng = 0,798. This value was obtained by extrapo-
lating the data of Hultgren, Orr, Anderson, and Kelley

(1960, p. 896) and Seltz and Deilitt (1939, p. 2595).

1
121.76
. g 1 b = - ~ = 0.0136
Xgp at 1 wt Sb in Pb 1 N 99

121.76  207.21

at 973°%, AGS73 = (4.58) (973) log (0.798) (0.0136)

4456(-1.867)

It

A = ~8320 cal

G973
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Appendix IX, Determination of AH 2 for the Reaction

The literature contains two entirely distinct values
for the heat of fusion of Po0, Wicks and Block (1963, p.
63) report a value of 2,800 cal/mole whereas Rodigina,
Gomel'skii, and Luginina (1961, p. 1801) report a value of
6,110 cal/mole., The lower value of 2,800 cal/rmole repre-
sents an average of values obtained from freezing-point
depression calculations made on a number of Pb0-ley0y
systems without any direct component activity data,

By use of the data of Sridhar and Jeffes (1967, p. 50),
a value for AH; can be calculated which is the same as
that reported by Rodigina, Gorel'skii, and Luginina.

The activity of Pb0 in the Pp0-8i0, system has been
determined by Sridhar and Jeffes and has been shown to be
temperature-independent above approxinately 80 mole % PbO
in the temperature range from 850° to 1050°c. Therefore,
the activity of Pb0 measured at 1000°C should be equal to
the activity of Pb0 calculated from the depression of the
freezing point using the phase diagram shown in Figure 29,

The activity of Pb0 in the Pb0-Si0, system, using the
data of Sridhar and Jeifes and Figure 29, 1is shown in
Figure 39 as a function of reciprocal tenperature. A cal=-

culation for AHg from the slope of the log appg versus %
L

181

curve has been made with the result that AH% = 6,110 cal/mole
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-0.05|"

-0010 B

log aph0
and
log beO

-0.15 [~ <> Pb0-5b,05
This study

O x

PbO

-0.20 - A apho

L0 calculated using
AHg = 2800 cal/mole of Pb0

" =0,25 17 <>

{ { { | |

0.85 0.90 0.95 1.00 1.05

1 x 103, %k
T
Figure 39. Log apo and log XPbO Versus Reciprocal

Temperature for the Pb0-3102 System
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Appendix IX. Cont'd.

of Pb0. This value is the same as that reported by
Rodigina} Gomel'skii, and Luginina, The freezing-point
depression as a function of mole fraction of Pb0 is seen
to be nearly tangent to this curve at mole fractions
approaching unity.

A third curve shown in Figure 39 was plotted from the
freezing-point depression of Pb0 by S$i0, using a value of
2,800 cal/mole of Ph0 for AHD. The discrepancy in the
slope of this curve at mole fractions of Pb0 approaching
unity indicates that the value of 2,800 cal/mole of PbO
for Aﬁg is much too low.

The results of this investigation can be compared with
those of Sridnar and Jeffes by use of the data presented
in Table 14, The activity of Pb0, relative to pure,
solid Pb0, in a liquid containing l4.4 mole % Sb,04 in
equilibrium with a solid solution at 700°C was calculated
to be 0.964. By'use of T = 1789°K ana AHSap = 49,350
cal/mole of Pb0 from Rodigina, Gonel'skii, and Luginina,

the vapor pressure above pure, liquid Pb0 can be calculated

with the result that,

10,790

lo -
i

9 Pppo (ma Hyg) = 8.909 -

Also, using their values for T, = 1170°%K and Anﬁ = 6,110

cal/mole of Pb0, the vapor pressure above pure, solid Pb0
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Appendix IX. Cont'd.

can be calculated with the result that,

12,120
T

log pppo (mm Hg) = 10.050 -

The calculated activity of Pb0 given above can now be
referred to the pure, supercooled, liquid standard state
‘by multiplying it by the ratio of the vapor pressure above
pure, solid Pb0 at 700°C to the vapor pressure aoove pure,
supercooled, liquid Pb0 at 700°C obtained from the above

equations:

0,00392

= 0,964 (-6—-'6“0-'3“6‘@') = 0,566

A

PDO(l)
This value is included in Figure 39 and is found to agree
with the value of 6,110 cal/mole of Pb0 reported by
Rodigina, Gomel'skii, and Luginina for the heat of fusion

of PbO.
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