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Experiments were carried out to remove arsenic from antimony trioxide by two techniques: first, 
by selectively volatilizing the more volatile arsenic trioxide from a mixed oxide sample; and, 
second, by selectively condensing the less volatile antimony tetroxide at high temperatures, 
leaving arsenic trioxide to condense out at a lower temperature. Thermodynamic analysis of the 
As-Sb-O system indicated that if arsenic and antimony oxides behave like pure solid phases, 
then there is no limitation to producing pure antimony oxide by these proposed techniques. The 
selective volatilization experiments were carried out at 379 ~ to 587 ~ using both nitrogen 
and air as carrier gases and an industrial antimony trioxide fume containing 13.8 wt pct As. 
The results showed it is difficult to achieve an arsenic content below 5.0 wt pct using either 
air or nitrogen, and formation of  solid solutions between arsenic and antimony trioxides appears 
to be the main barrier to the removal of arsenic. Selective condensation experiments were carried 
out in which a mixed oxide vapor was progressively cooled through a series of condensers over 
a controlled temperature profile. Injection of oxygen into the vapor improved separation, and 
antimony tetroxide containing as low as 0.23 wt pct As was obtained. The recovery of antimony 
tetroxide in the experiments seems to have been limited by kinetic factors, and the results sug- 
gest that high conversions to antimony tetroxide are likely to be achieved only in antimony- 
rich vapors. 

I. INTRODUCTION 

THE problem of separating arsenic from antimony 
oxides arises as one of the purification steps in the pro- 
duction of commercial-grade antimony oxide (<0.5 pct 
As) or arsenic oxide from fume produced in metallur- 
gical processes. A simple technique for separating ar- 
senic oxide from antimony oxide would allow commercial 
exploitation of otherwise hazardous by-products. The 
separation of antimony oxide from arsenic oxide has been 
barely covered in any theoretical or experimental detail 
in the literature. In particular, there has been a lack of 
attention to the chemistry of the mixed oxide system. 
Only two industrial processes are known that separate 
arsenic oxide from antimony oxide. These are arsenic- 
trioxide refining by selective condensation, which pro- 
duces commercial-grade arsenic trioxide from a mixed 
oxide feed r~,2] and the WR Metal Industries (WRMI) 
pressure-leaching process, which produces commercial- 
grade arsenic acid from a mixed oxide feed. p] In both 
processes, antimony oxide is recovered in an impure form. 
Other industrial techniques separate arsenic and anti- 
mony in their sulfide state, as metal or as chlorides in 
~olution. 

Two pyrometallurgical techniques for separating ar- 
senic oxide from antimony oxide have been proposed. [4] 

1. Selective volatilization of the more volatile arsenic 
rioxide from a mixed oxide sample to leave high-purity 
mtimony oxide. 
~.. Selective condensation of antimony oxide from ar- 
;enic oxide in the vapor phase, by condensing the less 
rolatile antimony oxide at a higher temperature. 

G.A. BROOKS, formerly with the G.K. Williams Cooperative 
',esearch Centre for Extractive Metallurgy, is Lecturer, Department 
f Materials Engineering, The University of Wollongong, Wollongong 
500, Australia. W.J. RANKIN, Director, and N.B. GRAY, Reader, 
re with the G.K. Williams Cooperative Research Centre for Extractive 
4etallurgy, Department of Chemical Engineering, The University of 
lelbourne, Parkville 3052, Australia. 
Manuscript submitted December 17, 1993. 

In the case of selective volatilization, no separation 
process producing commercial-grade product has been 
reported. In the case of selective condensation, the ex- 
perimental work of Read I~] showed that arsenic trioxide 
with less than 0.3 pct Sb can be condensed selectively 
from a mixed oxide vapor. The vapor forms of antimony 
and arsenic oxides are Sb40 6 and As40  6. Mixed oxides 
also form in the gaseous state when arsenic and anti- 
mony are both present. According to Norman and Staley fSl 
and Mauser, trJ the mixed oxides of arsenic and antimony 
that can exist in the vapor state are As3SbOr, As2Sb2Or, 
and AsSb306. 

Hager and Li tTj proposed improving the separation of 
antimony oxide from mixed oxide vapors by injecting 
oxygen to form nonvolatile antimony tetroxide, accord- 
ing to the following reactions: 

Sb406 (g) + Oz (g) ~ 2 Sb20 4 (s) [1] 

AsaSbO6 (g) + 0.25 02 (g) 

0.5 Sb204 (s) q- 0.75 As406 (g) [2] 

As2SbzO6 (g) + 0.50 02 (g) 

--~ Sb204 (s) + 0 .50  As406 (g) [3] 

AsZb306 (g) + 0.25 O~ (g) 

1.5 5b204 (S) q- 0.25 As406 (g) [4] 

Hager and Li carded out selective condensation exper- 
iments using an air-cooled tube at the exit of a transpi- 
ration apparatus. They observed that in an inert 
atmosphere, decomposition of the vapor complexes re- 
suited in deposition of predominantly cubic As203 in the 
cold zone and a mixture of cubic and orlhorhombic 5b203 
in the hot zone of the tube. With oxygen injection at the 
entrance of the condenser tube, decomposition of the 
complexes resulted in deposition of cubic As203 in 
the cold zone and a mix of cubic 5b203, orthorhombic 
5b203, and 5h204 in the hot zone. The best separation 
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Table I. Summary of Selective Condensation Experiments by Hager and Li [7] 

Temperature of 
Samples Gas Flow 

(~ (L/min)* 

Condensate Analysis 

Hot Zone Cold Zone 

Pct Sb Pct As 
Experiment AszO3 Sb203 O2 N2/Ar** XRD Analysis Total* XRD Analysis Total ~ 

A - -  629 - -  
B - -  629 0.1 

C 219 549 0.1 

D 220 629 0.1 

E 219 549 

F 220 629 i 

0.2 Sb203(ortho) - -  - -  - -  
0.1 Sb203(ortho) - -  - -  - -  

Sb204(ortho) 
0.1 Sb203(cubic) 86 As203 (cubic) 95 

SbeO3(ortho) 
Sb204(ortho) 

0.1 Sb203(cubic) 95 As203 (cubic) 98 
Sb203(ortho) 
SbzO4(ortho) 

0.2 Sb203(cubic) 83 AszO 3 (cubic) 93 
Sb2Os(ortho) 

0.2 Sb203(cubic) 91 As203 (cubic) 97 
SbzO3(ortho) 

*The flow rates (at STP) for each experiment were not given by Hager and Li, although the description of the experimental technique indicates 
that flow rates are in the range given in this table. 

**Mixtures of argon and nitrogen were used. 
tPercentage of total antimony; balance condensed in cold zone. 
*Percentage of total arsenic; balance condensed in hot zone. 

occurred with the injection of oxygen, as shown in 
Table I. Hage r and Li speculated that with improved 
mixing of oxygen and better condenser design, high-purity 
oxide products could be produced by the complete oxi- 
dation of antimony in the vapor to antimony tetroxide. 
Brooks and Rankin csl have shown that antimony and ar- 
senic trioxides form solid solutions up to moderately high 
concentrations of  arsenic and that arsenic trioxide has 
limited solid solubility in antimony tetroxide. It is pos- 
sible that solid-solution formation will limit the degree 
of separation of the oxides by selective volatilization and 
condensation. 

II. T H E R M O D Y N A M I C  A N A L Y S I S  

Gibbs free energy minimization calculations were per- 
formed to analyze the As-Sb-O system. The possible 
species in the system are listed in Table II. The selection 
of  Sb203 ,  As203 ,  and Sb204  as  the only potential solid 
species is consistent with the known chemistry of the 
system. Thermodynamic data for the species were taken 
from Kaise~ 9] and Hager and Li L7j and are summarized 

Table II. Chemical Species in the As-Sb-O System 

Solid species 

Liquid species 

Gaseous species 

As203 (s) 
Sb203 (s) 
Sb204 (s) 
ms203 (I) 
5b203 (l) 
O2(g) 
5b404 (g) 
As406 (g) 
As3SbO6 (g) 
As2Sb206 (g) 
msSb306 (g) 

in Table Ill. The data for arsenic trioxide ignore the tran- 
sition from cubic to monoclinic; this simplification is in- 
troduced because the transition of cubic to monoclinic 
trioxide is not well characterized. The CHEMIX pro- 
gram of the CSIRO Thermochemistry System 
(Version 5) t~~ was used to perform the calculations. 

A. Selective Volatilization 

Selective volatilization was examined by considering 
a mixture of arsenic and antimony oxides containing 
13.8 wt pct As, which is similar to the composition of 
the fume sample used in the experiments. The starting 
material was considered to be a mixture of As203 and 
5b203 ,  and it was assumed that no solid solutions were 
present. The amount of nitrogen used was that required 
just to hold all the arsenic trioxide as vapor at 379 ~ 
(i.e., the vapor was saturated with arsenic trioxide). The 
results are summarized in Table IV, and they demon- 
strate that as the system is defined, there is no thermo- 
dynamic restriction to removing arsenic trioxide from 
antimony trioxide. Increasing the temperature, while not 
affecting the separation, increased the amount of anti- 
mony oxide in the vapor, and there was a ninefold in- 
crease between 379 ~ and 587 ~ 

Next, it was assumed that arsenic trioxide and anti- 
mony trioxide form a solid solution. Because antimony 
trioxide is the dominant (>82 pet) component of the solid 
solution, it was considered to have an activity coefficient 
of 1 and the activity coefficient of As203 was varied. 
The same volume of nitrogen as used for the pure solid 
case was used for the calculations. The results, presented 
in Table V, demonstrate that the formation of a solid 
solution greatly restricts the removal of arsenic from an- 
timony trioxide; the only solid phases produced with an 
arsenic content below 0.5 wt pet As were at 535 ~ and 
587 ~ for an activity coefficient of AszO3 of  10. The 
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Table III. Gibbs Free Energies of Formation of Oxides in the As-Sb-O System I7'9! 

AG ~ = a + b T  + c T  2 + d / T  + e T  ln T 

(J moI) Temperature 
Species a b c d e Range (K) 

Sb203 (s) -723,257 481.43 0 0 -29.422 298 to 879 
-719,448 482.06 0 0 -30.395 879 to 929 

Sb204(s) -452,025 167.48 0 0 2.3274 298 to 1173 
As203 (s) -668,379 491.44 0 0 -32.178 298 to 551 
As203 (1) -644,770 636.27 0.0749 100,004 -68.408 551 to 730 
Sb203(1) -674,030 433.25 0 0 -30.396 929to1425 
As406(g) -1,231,186 1192.9 0.1499 199,765 -136.82 >298 
Sb406(g) -1,266,139 811.87 0 0 -60.793 >298 

AszSbO6 (g) -1,240,772 1088.3 0.1239 149,974 -117.46 730 to 850 
-1,242,426 1092.7 0.1239 149,974 -117.81 880to920 

AszSb206 (g) -1,251,321 992.12 0.0749 99,983 -98.096 730 to 850 
-1,254,586 1000.7 0.0749 99,983 -98.804 880to920 

AsSb306 (g) -1,261,870 900.28 0.0375 49,991 -78.734 730 to 850 
-1,266,746 913.15 0.0375 49,991 -79.798 880 to 920 

Table IV. Results of Gibbs Free Energy Minimization 
Calculations for Selective Volatilization in the As-Sb-O 
System at 1 Arm with Inert Gas, Assuming Pure Solid 
Phases (Initial Amounts 40.9 moi N2, 75.3 tool Sb203, 

and 24.7 moi As203) 

Temperature Solid Pct As Pct Sb 
( ~  composition in Vapor in Vapor 

379 100 pct SbzO 100 1.0 
425 100 pct Sb203 100 1.8 
479 100 pct Sb203 100 3.2 
535 100 pct Sb203 100 5.7 
587 100 pct Sb203 100 9.6 

Table VI. Results of Gibbs Free Energy Minimization 
Calculations for Selective Volatilization in the As-Sb-O 

System at 1 Atm to Produce Sb203 Containing Less than 
0.5 pct As in Solid Solution (Initial Amounts: 

75.3 mol Sb203 and 24.7 tool As203) 

Temperature N2 
(~ (mol) Pct Sb in Vapor 

379 75,000 7.52 
425 22,090 10.2 
479 6,520 14.5 
535 2.220 20.9 
587 940 29.6 

volatilization of arsenic trioxide from the solid solution 
was limited by the volume of  nitrogen. The results of 
calculations performed to find the volume of nitrogen 
that is required to remove arsenic from the solid phase 
to below commercial-grade requirements for the case of 
an ideal solution are summarized in Table VI. The table 
shows that at low temperatures, a large volume of ni- 
trogen is needed to achieve the separation, and that at 
higher temperatures, the removal of arsenic to the re- 
quired level would be accompanied by a large loss of 
antimony trioxide to the vapor. 

Because antimony can exist as the tetroxide as well as 
trioxide in the solid state, selective volatilization using 
air was examined. Initially, it was assumed that As203, 
Sb203, and Sb204 do not form solid solutions. The vol- 
ume of air used was the same as for the inert gas cases. 
The results showed that the Sb203 oxidized to Sb204, 
which has a very low vapor pressure. There was no 
thermodynamic restriction to volatilizing the arsenic 
trioxide and, with sufficient oxygen, complete separa- 
tion of arsenic and antimony oxides was achieved. 

Finally, arsenic trioxide and antimony tetroxide were 

Table V. Results of Gibbs Free Energy Minimization Calculations for Selective Volatilization 
in the As-Sb-O System with Inert Carrier Gas at 1 Atm, Assuming Solid Solution Formation 

(Initial Amounts: 40.9 tool N2, 75.3 mol Sb203, and 24.7 tool As203) 

~As203 ~-0.1 yAs203 = 1.0 yAs203 = 10.0 

Solid Solid Solid 
Temperature Composition* Pct As Pct Sb Composition* Pct As Pct Sb Composition* Pct As Pct Sb 

(~ (Wt Pct 56203) in Vapor in Vapor (Wt Pct, Sb203) in Vapor in Vapor (Wt Pct Sb203) in Vapor in Va_por 

379 81.8 0.26 0.01 84.4 16.9 0.23 96.9 85.8 0.88 
425 81.9 0.83 0.04 87.4 36.0 0.73 98.2 91.9 1.64 
479 82.1 2.53 0.19 92.3 57.9 1.96 98.97 5.4 3.09 
535 82.7 6.49 0.69 94.2 73.5 4.29 99.37 97.3 5.57 
587 83.5 13.3 2.00 97.0 82.8 7.97 99.58 98.3 9.39 

*Balance As203. 
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considered to form a solid solution. A range of activity 
coefficient values for arsenic trioxide in the solid solu- 
tion was considered because the actual values are not 
known. The higher activity coefficient range in these 
calculations, compared to that used in the arsenic 
trioxide/antimony trioxide system, reflects the greater 
level of chemical incompatibility of arsenic trioxide and 
antimony tetroxide due to their different valancies and 
crystal structures. The activity coefficient for antimony 
tetroxide was taken as unity, as it was the major com- 
ponent of the solution. The potential for a separate solid 
solution of arsenic and antimony trioxides to form was 
not ignored, and this potential phase was considered to 
behave as an ideal system. The initial mixture was equil- 
ibrated with sufficient air to just oxidize the antimony 
trioxide to antimony tetroxide on a stoichiometric basis. 
The results, summarized in Table VII, show that the for- 
mation of As203-Sb204 solid solution greatly restricts the 
removal of arsenic from antimony tetroxide. Only for a 
high activity coefficient (7 = 100) was arsenic removed 
to below commercial-grade requirements. The oxidation 
of antimony trioxide to the nonvolatile antimony tetrox- 
ide prevented the loss of any antimony oxide to the vapor 
phase. The removal of arsenic from the solid solutions 
in this case was limited by the volume of gas. 

B. Selective Condensation 

The experiments of Hager and Li were modeled 
thermodynamically by calculating the composition of 
mixed oxide vapor formed by equilibrating arsenic tri- 
oxide with inert gas and then equilibrating this gas with 
pure solid antimony trioxide. The vapor was then cooled 
in five equilibrium stages and the condensate removed 
at each stage. Two gas mixtures were considered, their 
compositions calculated for the two sets of conditions 
used by Hager and Li; one was comparatively rich in 
arsenic, and the other was comparatively rich in anti- 
mony. Initially, arsenic and antimony trioxides were 
considered to be pure solid phases condensing from the 
mixed oxide vapor in an inert carrier gas. The conditions 
and the results of the Gibbs free energy minimization 
calculations are summarized in Table VIII, which shows 
that there is no thermodynamic restriction to condensing 
pure antimony trioxide from a mixed oxide vapor in the 
temperature range 300 ~ to 629 ~ if A s 2 0  3 and S b 2 0  3 
do not form a solid solution. Over 95 pct of the antimony 
was recovered as pure antimony trioxide in the hot end 

of the condensation train, and arsenic trioxide contam- 
inated with antimony trioxide formed in the cold end. 
Hager and Li's experiment of adding an equal volume 
of oxygen to the nitrogen was also modeled. The initial 
conditions and the results of the Gibbs free energy 
minimization calculations are summarized in Table IX. 
Complete separation was achieved with the conversion 
of all the antimony to antimony tetroxide in the fLrSt stage 
for both vapors and the formation of solid arsenic tri- 
oxide in the cold end of the condensation train. 

The possibility of the formation of solid solution phases 
was also considered. The trioxides were assumed to form 
an ideal solid solution, whereas arsenic trioxide was as- 
sumed to have less affinity with antimony tetroxide and 
thus to have a higher activity coefficient (7 = 10). The 
initial conditions and the results of the calculations are 
summarized in Tables X and XI. The results show that 
with an inert carrier gas, the formation of solid solution 
between arsenic and antimony trioxides results in impure 
compounds forming along the condensation train. The 
highest purity antimony trioxide condensate contained 
1.16 pct As, and over 95 pct of antimony in the system 
was recovered in this stage (at 400 ~ for the antimony- 
rich vapor). High-purity arsenic trioxide (<0.1 Sb wt 
pct) was obtained below 200 ~ though approximately 
half of the arsenic trioxide was present in the antimony- 
rich condensates. Greater separation was achieved when 
oxygen was added; all the antimony was converted to 
antimony tetroxide in the first stage, and only marginal 
dissolution of arsenic (<0.1 wt pct) occurred. This fa- 
vorable result relies on the assumption that arsenic tri- 
oxide does not readily dissolve into antimony tetroxide. 
Pure arsenic trioxide formed at the cold end of the con- 
densation train. 

In summary, the thermodynamic analysis indicates that 
the formation of solid solutions between arsenic and an- 
timony oxides is a crucial issue in the success or failure 
of separating arsenic and antimony oxides by selective 
volatilization or condensation. Assumptions concerning 
the activity of the species suggest that good separation 
by selective volatilization or condensation in inert at- 
mospheres may be difficult to achieve and that more fa- 
vorable results would be achieved in an oxidizing 
atmosphere. The mechanism proposed by Hager and Li 
for enhancing separation of arsenic and antimony oxides 
by injecting oxygen into a mixed oxide vapor stream has 
been shown to be thermodynamically sound. 

Table VII. Results of Gibbs Free Energy Minimization Calculations for Selective Volatilization 
in the As-Sb-O System at 1 Atm with Air as Carrier Gas, Assuming Solid Solution Formation 

(Initial Amounts: 141.8 tool Nz, 37.7 tool 02, 75.3 tool Sb203, and 24.7 tool AszO3) 

"yAs203 = | .0  3,As203 = 10 3,As203 = 100 

Solid Solid Solid 
Temperature Composition Pct As Pct Sb Composition Pct As Pct Sb Composition Pct As Pct Sb 

(~ Sb204 Wt Pct in Vapor in Vapor Sb204 Wt Pct in Vapor in Vapor Sb203 WI Pct in Vapor in Vapor 

379 84.8 15.9 0 96.6 83.1 0 99.6 98.2 0 
425 87.4 31.9 0 97.9 89.8 0 99.8 98.9 0 
479 90.4 49.8 0 98.7 93.7 0 90.00 99.4 0 
535 92.8 63.0 0 99.1 95.7 0 99.9 99.6 0 
587 94.2 70.9 0 97.0 96.8 0 99.6 99.7 0 
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TaMe VIII. Summary of Gibbs Free Energy Minimization Calculations for Selective 
Condensation of Pure Solid Phases from As-Sb-O Vapor with Inert Carrier Gas at 1 Atm 

Initial 
Amount 

400 mol N2, 1.21 mol 56203, 
and 1.0382 mol AS203 

400 mol N2, 5,48 mol Sb203, 
and 1.0962 mol AseOj 

Condensate Wt Pct of Condensate 
Stage Analysis Elements Stage Analysis 

Temperature (Wt Pct) Condensed Temperature (Wt Pct) 
(~ As Sb As Sb (~ As Sb 

Wt Pct of 
Elements 

Condensed 

As Sb 

549 - -  - -  0 0 629 . . . .  
400 0 83.5 0 85.4 400 0 83.5 0 96.7 
300 0 83.5 0 11.4 300 0 83.5 0 2.61 
200 10.9 65.8 32.5 2.85 200 66.7 9.92 36.1 0.66 
100 75.1 0.67 67.4 0.32 100 75.1 0.67 63.8 0.07 

<100 75.5 0.31 0.04 0.01 <100 75.5 0.31 0.04 <0.01 

Table IX. Summary of Gibbs Free Energy Minimization Calculations for Selective 
Condensation of Pure Solid Solution Phases from As-Sb-O Vapor with Oxidizing Carrier Gas at 1 Atm 

Initial 
Amount 

200 mol N2, 200 mol O~, 1.21 mol Sb203, 
and 1.038 mol As203 

400 mol N2, 5.48 mol $203, 
and 1.0962 mol As203 

Condensate Wt Pct of Condensate Wt Pct of 
Stage Analysis Elements Stage Analysis Elements 

Temperature (Wt Pct) Condensed Temperature (Wt Pct) Condensed 
(~ As Sb As Sb (~ As Sb As Sb 

549 0 79.2 0 100.0 629 0 79.2 0 100.0 
400 - -  - -  0 0 400 - -  - -  0 0 
300 - -  - -  0 0 300 - -  - -  0 0 
200 75.7 0 33.7 0 200 75.7 0 37.6 0 
100 75.7 0 66.2 0 100 75.7 0 62.4 0 

< 100 75.7 0 0.01 0 < 100 75.7 0 0.04 0 

I I I .  S E L E C T I V E  V O L A T I L I Z A T I O N  
E X P E R I M E N T S  

The thermodynamic analysis suggests that arsenic 
trioxide should be able to be separated from antimony 
trioxide by selective volatilization, though the purity of  
the product could not be predicted. To test this hypoth- 
esis and to find the level to which the arsenic content 
could be lowered, experiments were performed using an 
industrial fume consisting of arsenic and antimony ox- 
ides. A quantity of  the fume was dried and homoge- 
nized, and samples were taken for characterization by 
X-ray fluorescence (XRF), fire assaying, X-ray diffrac- 
tion (XRD), an electron microprobe (EMP), and a par- 
ticle size analyzer. The results are summarized in 
Table XII. 

A. Apparatus 

A horizontal tube furnace was used for the experi- 
ments. The temperature was regulated by a three-term 
controller, which received its signal from a type-R 
thermocouple mounted centrally in the side of  the fur- 
nace. Temperature profiles of  the reaction tube for dif- 
ferent temperature settings and gas flow rates were 
determined using a digital temperature indicator and a 
type-K thermocouple inserted through the ends of  the 
tube. Each end of  the mullite reaction tube was sealed 
with rubber stoppers during heating up, operation, and 

cooling down. Silastic was used as a seal between the 
stoppers and the furnace tube. A stainless steel wire, 
passing through the stopper at the inlet end and attached 
to a stainless steel tray in the furnace tube, was used to 
maneuver the aluminosilicate sample boat, which rested 
on the tray. The wire was sealed tightly at the inlet stop- 
per. The outlet gas from the furnace passed into a water- 
cooled glass condenser, through a wash bottle, and then 
to the port of an extraction system. The carrier gas was 
either nitrogen or air. The nitrogen was deoxidized by 
passing it through a small horizontal tube furnace con- 
taining copper turnings at 600 ~ 

B. Procedure 

Sample boats and the fume sample were dried, weighed, 
and stored in a desiccator. About 10 g of sample was 
used in each experiment. The boat containing fume was 
weighed, placed onto the stainless steel tray, and posi- 
tioned at the inlet of the reaction tube. The stopper was 
then inserted into the tube, and mineral wool was packed 
around the protruding end of the locating wire to seal it. 
A ~bleed" flow rate of carrier gas was established through 
the apparatus, and the furnace was heated to the ex- 
perimental temperature. The experiment was begun by 
moving the boat into the hot zone by means of  the wire 
and setting the required flow rate. At the conclusion of 
an experiment, the gas flow was reduced to a bleed and 
the boat was pulled to the cold inlet end of the work 
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Table X. Summary of Gibbs Free Energy Minimization Calculations for Selective 
Condensation of Solid Solution Phases from As-Sb-O Vapor with Inert Carrier Gas at 1 Atm 

Initial 
Amount 

400 tool N2, 1.21 mol 5b203, 
and 1.038 mol AS203" 

400 mol N2, 5.48 mol Sb203, 
and 1.0962 mols AS203* 

Condensate Wt Pct of Condensate Wt Pct of 
Stage Analysis Elements Stage Analysis Elements 

Temperature (Wt Pct) Condensed Temperature (Wt Pct) Condensed 
(~ As Sb As Sb (~ As Sb As Sb 

549 - -  - -  0 0 629 - -  - -  0 0 
400 1.19 82.2 2.35 85.9 400 1.16 82.2 11.1 97.0 
300 6.16 76.7 1.70 11.2 300 6.03 76.9 1.54 2.41 
200 67.4 9.15 39.2 2.81 200 67.0 9.63 34.1 0.60 
100 75.6 0.20 56.7 0.08 1130 75.6 0.20 53.3 0.02 

<100 75.7 0 0.04 0 <100 75.7 0 0.03 0 

*Sb203 and As203 assumed to form an ideai solid solution. 

Table XI. Summary of Gibbs Free Energy Minimization Calculations for Selective 
Condensation of Solid Solution Phases from As-Sb-O Vapor with Oxidizing Carrier Gas at 1 Atm 

Initial 
Amount 

200 mol N2, 200 mol 02, 1.21 mol Sb203, 
and 1.038 mol As203* 

200 mol N2,200 mol 02, 5.48 mol Sb203, 
and 1.096 tool As2Os* 

Condensate Wt Pct of Condensate Wt Pct of 
Stage Analysis Elements Stage Analysis Elements 

Temperature (Wt Pct) Condensed Temperature (Wt Pct) Condensed 
(~ As Sb As Sb (~ As Sb As Sb 

549 0.08 79.1 0.19 1130 629 0.06 79.1 0.59 100 
400 - -  - -  0 0 400 - -  - -  0 0 
300 - -  - -  0 0 300 - -  - -  0 0 
200 75.7 0 33.6 0 200 75.7 0 37.0 0 
100 75.7 0 66.2 0 100 75.7 0 62.4 0 

< 100 75.7 0 0.04 0 < 100 75.7 0 0.03 0 

*As203 and Sb203 a s s u m e d t o f o r m a n  ideal solution; solution AS203 and Sb20 a a s s u m e d t o f o r m a  nonideal solid solution in which yAs203 = 
10 and ySb204 = 1. 

tube and allowed to cool for at least 4 hours. The cal- 
cines were then recovered, weighed, and analyzed using 
XRF and XRD. 

C. Results 

Twenty-five experiments were carried out over six 
temperature/flow rate regimes. Reasonable repeatability 
of weight loss from the calcine and composition of the 
calcine was obtained; differences of 2.5, 0.6, and 6.8 pct 
relative weight losses from the average were obtained for 
three duplicate runs, and the differences in elemental 
analyses were within the uncertainties of the analytical 
techniques. 

The results of nitrogen experiments are given in 
Figures 1 through 3. It was observed that there was in- 
creasing weight loss with increasing temperature 
(Figure 1). In general, weight loss was rapid in the first 
hour and decreased thereafter. This was most notable at 
425 ~ and 480 ~ and less pronounced at 535 ~ and 
587 ~ Rapid removal of arsenic occurred for the first 
hour and decreased thereafter, as shown in Figure 2. This 
was accompanied by a plateauing of arsenic concentra- 
tion (Figure 3) in the calcine at 425 ~ 480 ~ and 

535 ~ At 379 ~ there was a steady decrease in ar- 
senic concentration, whereas at 587 ~ there was a 
marked increase in arsenic concentration after 2 hours, 
which was accompanied by gross sintering of the cal- 
cine. Sintering and shrinkage of the calcines were ob- 
served at 535 ~ and 587 ~ Removal of arsenic to the 
levels in commercial-grade antimony oxide (<0.5 wt pct) 
was not achieved. The lowest level (4.9 wt pct) was ob- 
tained after 6 hours at 535 ~ this represents 78 pct re- 
moval of arsenic, and it was accompanied by 32 pct loss 
of antimony. X-ray diffraction patterns of the calcines 
indicated that a single cubic phase was present. The peak 
positions were difficult to determine because of splitting 
and broadening, but it appears that arsenic and antimony 
trioxides combined in a solid solution with the same 
structure as the cubic polymorphs of  arsenic and anti- 
mony trioxide. 

The results of selective volatilization experiments car- 
ried out at 535 ~ with air as carrier gas are given in 
Figures 4 through 6 and are compared with the results 
obtained with nitrogen. Initially, there was a rapid loss 
of weight from the calcine and then virtually no further 
changes (Figure 4). This was reflected in the losses of 
antimony and arsenic from the calcine (Figure 5). The 

878--VOLUME 25B, DECEMBER 1994 METALLURGICAL AND MATERIALS TRANSACTIONS B 



Table XII. Summary of Fume Characterization Results 

Analytical Technique Results 

XRF Sb 68 + 3.4 wt pct 
As 13.8 -+ 0.7 wt pct 
Pb 0.105 _+ 0.005 wt pct 
Au 0.0045 _+ 0.0005 wt pct 
cubic phase (either As203 or Sb:O3 or possibly solid solution of both)--dominant 
8b203 (orthorhombic)--subdominant 

Fire assay 
XRD 

(Cu K,~ radiation; scan 10 
to 65 deg, 1 deg/min) 

Electron microprobe 
(l-~m-diameter beam) 

Particle size analysis 

five regions examined 
region 1 (5 points) 

As wt pct 14.9 to 16.9 (average 15.9) 
Sb wt pot 66.8 to 69.5 (average 68.0) 

region 2 (6 points) 
As wt pct 6.1 to 8.1 (average 7.4) 
Sb wt pct 76,9 to 78.0 (average 77.4) 

region 3 (7 points) 
As wt pct 8.7 to 13.1 (average 11.0) 
Sb wt pct 71.1 to 76.1 (average 73.3) 

region 4 (8 points) 
As wt pct 2.9 to 4.9 (average 4.3) 
Sb wt pct 77,6 to 80.8 (average 80.0) 

region 5 (3 points) 
As wt pct 1.44 to 2.50 (average 1.96) 
Sb wt pct 83.7 to 84.5 (average 84.0) 

11.0 to 7.8/xm 1.4 vol pct 
7.8 to 5.5/.tin 6.3 vol pct 
5.5 to 3.9/,tm 13.8 vol pct 
3.9 to 2.8 ~m 22.2 vol pct 
2.8 to 1.9/,~m 39.4 vol pct 
1.9 to 0.0/~m 16.7 vol pct 

50 t i I I i i I 100 J i-  i ~ r ] 

45  90 

40  ca �9 80 

35 o~ 70 �9 

30 ~ 60  
o, 
o~ 25 ~ 5o 

20 "6 40  

10 ]'- ]/" __ . . . . . - - - - e - - -  �9 ,=25 ~ 20  ~ / ~ �9 425 ~ 
I I  ~ v 48o~c ( I /  ~ v 48~ 

5 L/  ~ _ �9176 ~.~ ~ �9 535~ 
~ / ~ ~  [] 587 ~ 10 n 587~ 

0 ~''''- ' , , , , , O ~ / /  , , , , o r m ; ~  
O 1 2 3 4 5 6 7 0 1 2 3 4 5 6 7 

Time (h) 

:ig. l - -Weight  loss of fume samples healed in nitrogen. 

Time (h) 

Fig. 2 - -L o s s  of arsenic from fume samples healed in nitrogen. 

Lrsenic concentration of the calcine plateaued at around 
; wt pct (Figure 6). An increase in temperature from 
;35 ~ to 587 ~ did not result in further removal of  
rsenic; indeed, the higher temperature failed to achieve 
he level of arsenic removal of the lower temperature 

(50 pct after 2 hours compared to 64 pct for the lower 
temperature), Partial sintering of the calcines occurred, 
the degree of sintering increasing with temperature and 
time held at temperature. Removal of arsenic to the de- 
sired commercial level (<0.5 wt pct) was not achieved; 
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Fig. 6 - -Concen t r a t i on  of arsenic in fume samples heated at 535 ~ 
in air. 

the lowest level (6 wt pct) was obtained after 2 hours at 
535 ~ This represents 64 pct removal of arsenic from 
the calcine, and it was accompanied by 3 pct loss of 
antimony. The loss of antimony was more pronounced 
at 587 ~ 18 pct after 2 hours. Comparison of the weight 
loss characteristics in nitrogen and air for As and Sb at 
535 ~ (Figure 5) shows that the arsenic loss curves are 
similar for the two cases, but the experiments in air are 
distinguished by low antimony losses from the calcine. 
X-ray diffraction patterns of the calcines indicated that 

antimony tetroxide was dominant in all cases and that a 
subdominant cubic phase was also present, which may 
have been cubic arsenic trioxide or antimony trioxide, 
and/or  a solid solution phase, or both. 

D. Discussion 

The failure to obtain low levels of arsenic in antimony 
oxide in periods of a few hours when using nitrogen as 
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carrier gas has several possible explanations. The rate of 
removal of arsenic could be limited by 

1. the mass transfer of the vapor species from the solid- 
gas interface to the bulk gas flow, 
2. solid solution formation, or 
3. the diffusion of arsenic trioxide vapor through the 
calcine. 

The experiments were carried out at comparatively high 
flow rates, and increasing the flow rate from 2.26 to 
3.28 L /min  did not assist in lowering the arsenic con- 
tent. It appears that the mass transfer of reaction prod- 
ucts to the bulk gas phase was not the rate-controlling 
step. The second explanation is favored because X-ray 
diffraction patterns of the calcines suggest that solid so- 
lutions, either single or multiple, readily formed in the 
calcines, and the resulting lower vapor pressure of ar- 
senic trioxide would provide less driving force for vol- 
atilization. It is reasonable to expect that the formation 
of a solid solution phase would occur faster at higher 
temperatures, and it would follow that the lower overall 
rate of vapor generation would appear earlier at higher 
temperatures. This is supported by the trends in 
Figure 2, which shows that the rate of arsenic loss from 
the calcine decreased dramatically at 480 ~ and 535 ~ 
after the first hour but not so at 379 ~ and 425 ~ The 
third explanation is consistent with the observation of 
sintering of  the calcine at higher temperatures. The in- 
crease in concentration of  the arsenic in the calcine at 
587 ~ after 2 hours probably results from a decrease in 
the rate of arsenic volatilization relative to antimony 
trioxide volatilization because of sintering and the con- 
sequent decrease in the diffusion rate of arsenic vapors 
through the sample. 

The kinetics and mass transfer aspects of the reactions 
in the experiments carried out in air are difficult to dis- 
tinguish, because there are a large number of possible 
reactions and the nature of  the phases in the calcine is 
unclear, in particular whether trioxide or tetroxide solid 
solutions formed. The observations that increasing the 
temperature from 535 ~ to 587 ~ decreased the rate of 
removal of arsenic, and that this was accompanied by 
an increased degree of sintering of  the calcine, support 
the notion that the volatilizing reactions were limited by 
the diffusion of reaction products through the calcine. 
Alteration of the chemistry of the system by the for- 
mation of  arsenic oxide-antimony tetroxide solid solu- 
tion, however, provides another explanation. The 
increased losses of  antimony at higher temperatures may 
result from the slow diffusion of  oxygen to reaction sites 
by virtue of sintering and the resulting greater volatili- 
zation of antimony trioxide. 

IV. S E L E C T I V E  CONDENSATION 
EXPERIMENTS 

A. Apparatus 

The furnace used in these experiments consisted of an 
outer tube, on which the resistance wire was wound, and 
an inner reaction tube. The element was wound in eight 
zones, each with a three-term temperature controller and 
a type-K thermocouple located at the midpoint on the 

outside of the winding tube. Thermal conductivity, con- 
vection, and radiation limited the gradient between zones 
to a maximum of approximately 150 ~ Temperature 
profiles of the furnace were determined for different con- 
troller settings and flow rates using a digital temperature 
indicator and a long type-K thermocouple inserted into 
the reaction tube. Two aluminosilicate sample boats were 
placed on two in-line stainless steel trays and positioned, 
using a wire that protruded from the inlet end of the re- 
action tube. Copper wire was wound around the stainless 
steel arms connecting the trays to serve as a deoxidizing 
surface for any oxygen leakage into the system. Each 
end of the reaction tube was sealed with rubber stoppers. 
The wire used to maneuver the boat assembly was sealed 
at the inlet end by mineral wool packing. Three stainless 
steel condenser units were used in series. These con- 
sisted of  a split body held together with stainless steel 
screws; the joints between the units were sealed using 
compressed mineral wool as a gasket. The general layout 
of the boats and condenser units within the reaction tube 
is shown in Figure 7. The carrier gas was either nitrogen 
or argon, and the gas was deoxidized by passing it through 
a small horizontal tube furnace containing copper turn- 
ings at 600 ~ In some experiments, nitrogen or oxygen 
was injected through a stainless steel tube into the en- 
trance of  the first condenser unit. The tube was 4 mm 
in diameter, with an off-center tip located at the entry 
of the first condensation unit, The outlet gases passed 
into a water-cooled glass condenser through a wash bot- 
tle and were then released to an extraction system. 

B. Procedure 

Sample boats containing analytical-grade arsenic 
trioxide and antimony trioxide were dried, weighed, and 
stored in a desiccator. A sample boat of each was placed 
onto the stainless steel tray and positioned at the inlet of 
the furnace, with the boat containing arsenic trioxide being 
located closest to the inlet end. A bleed flow rate of ni- 
trogen or argon was maintained as the furnace was heated 
to the experimental temperature. An experiment was begun 
by positioning the boat assembly into the hot zone and 
introducing the required flow rate of gas. At the conclu- 
sion of an experiment, the gas rate was reduced to a 
bleed and the boat assembly withdrawn to the inlet end 
of the furnace and allowed to cool for 8 hours. The con- 
denser units were then removed and opened, and the 
condensate recovered, weighed, and analyzed using 
XRF and XRD. The uncertainty in the XRF analyses 
was +5.0  pet relative. The temperature variation was 
-+ 1.2 pct and the error in mass loss determination was 
+--0.0003 g (which represents a total maximum error of 
no more than 0.05 pet relative). 

C. Results 

Seventeen experiments were carried out, and the con- 
ditions are summarized in Table XIII. In experiment A, 
antimony trioxide was vaporized and the vapors were 
allowed to condense in an inert atmosphere. Ortho- 
rhombic Sb203 formed as off-white needles in condenser 
unit 2 in the temperature range 580 ~ to 526 ~ Below 
526 ~ the condensate was a coarse, white crystalline 
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material that adhered strongly to the walls of the con- 
denser. The XRD revealed that cubic Sb203 was domi- 
nant and orthorhombic Sb203 subdominant. A white smear 
of condensate was observed in condenser unit 3. In ex- 
periments B and H, antimony trioxide was vaporized and 
oxygen was injected into the vapor stream at the begin- 
ning of the condensation train. The oxygen reacted with 
the antimony trioxide vapor, and antimony tetroxide 
dropped out immediately after the point of injection; the 
majority formed as large, pale yellow flakes, about 
5 mm in diameter, in the bottom of the condenser. The 
XRD analysis of the product revealed traces of jg-Sb204, 
along with the dominant orthorhombic Sb204. 

In experiments under conditions E, F, and G, mixed 
vapors with inert carrier gas were allowed to condense 
along the reaction tube. The general condensation char- 
acteristics were the same in all the experiments. Initially, 
white condensate formed on the walls of the second con- 
denser unit; this became progressively finer along the 
condenser train, dropping out as "snow" in the third unit. 
In the relatively arsenic-rich vapor generated in experi- 
ment E, the initial wall condensate appeared at 440 ~ 
whereas for the antimony-rich vapors generated in ex- 
periment F, the initial wall condensate appeared at 
517 ~ The condensate that formed in the higher tem- 
perature range had a lower arsenic content compared with 
the condensate in the lower temperature range (12.3 wt 
pct for condensate B compared to 34.8 wt pct). Injection 
of argon into the condensation train (experiment G) had 
virtually no effect on condensation behavior; the initial 
condensate appeared at 500 ~ and had an arsenic con- 
tent of 15.6 wt pct. 

Experiments C, D, and I involved reaction of a mixed 
vapor with oxygen and the subsequent condensation of 
the vapors along the condensation train. The results are 
summarized in Table XIV. Due to experimental diffi- 
culties, recovery of condensates was in the range of only 
55 to 70 pct of the mass volatilized. The general con- 
densation characteristics were the same in all the exper- 
iments: yellow Sb204 formed in the first condenser near 
the point of injection, coarse white condensate formed 
on the walls of the second condenser unit, and a pro- 
gressively finer condensate formed in the third unit as 
snow. The Sb204 contained small amounts of arsenic, 
the lowest content being 0.23 wt pct As in experiment 
I1. The recovery of antimony tetroxide, as a percentage 
of  the total condensate recovered, varied greatly in the 
experiments, In experiment C1 only 0.5 wt pct of the 

condensate was antimony tetroxide, compared to 
43.5 wt pct in experiment D3. The amount of antimony 
present as Sb204 in the total antimony recovered as con- 
densate also varied widely, from 2 to 75 pct. A slow 
XRD scan using ~-SiO2 as an internal standard revealed 
that condensates from experiments D, F, G, and I pos- 
sibly contained a single cubic solid-solution phase, but 
splits in the peaks of the samples made it difficult to be 
certain that there were not multiple solid-solution phases. 

D. Discussion 

Some important points to emerge from these experi- 
ments are as follows. 

1. Without oxygen injection, the separation of antimony 
oxide from arsenic oxide was poor. 
2. Oxygen reacted readily with antimony trioxide vapor 
to form antimony tetroxide. 
3. Injection of oxygen into mixed antimony and arsenic 
oxide vapor resulted in a high degree of separation. 
4. Significant amounts of the antimony oxide in the mixed 
vapor did not form antimony tetroxide,  as predicted by 
the thermodynamic calculations, and it was recovered 
below 550 ~ in its cubic trioxide form, possibly in solid 
solution with cubic arsenic trioxide. 

Thermodynamic calculations predict that all the anti- 
mony in the vapor.should form antimony tetroxide in 
oxidizing conditions, regardless of whether solid solu- 
tions form. It follows that these experiments were not at 
equilibrium and that kinetics of the gas-phase reactions 
limited the formation of antimony tetroxide. It appears 
that the kinetics of  Reaction [1] is favorable, because 
antimony trioxide vapor was readily oxidized. Reactions 
[2] through [4] differ from Reaction [1] in that they in- 
volve the formation of two reaction products, a solid and 
gas, rather than a single solid product. It is possible that 
these reactions involve more complex interactions of the 
reacting molecules than Reaction [1] and that steric ef- 
fects may be significant. 

Hager and Li tT~ achieved greater separation of arsenic 
and antimony trioxide than was obtained in this study. 
This better separation may in part be because of the for- 
mation of orthorhombic antimony trioxide, as it is likely 
that arsenic trioxide does not dissolve as readily into this 
structure. In Hager and Li 's experiments, the better sep- 
aration of the oxides was accompanied by high recovery 
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Table XIII. Conditions Used for the Selective Condensation Experiments 

Temperature of Samples Gas Flow(s) 
(~ (L/min at STP) 

Experiment* As~O3 Sb20~ 02 N 2 Ar 
Condenser Range 

~ 

A(1) - -  617 to 630 - -  0.2 - -  
B(1) - -  617 to 630 0.1 0.2 - -  
C(1) 246 to 264 542 to 556 0. I 0.2 - -  
D(4) 248 to 265 617 to 630 0.1 0.2 - -  
E(1) 246 to 264 542 to 556 - -  0.2 - -  
F(5) 248 to 265 617 to 630 - -  0.2 - -  
G(1) 248 to 265 617 to 630 - -  0.2 0.1 
H(1) - -  616 to 627 0.1 - -  0.2 
1(2) 210 to 236 616 to 627 0.1 - -  0.2 

<646 
<646 
<565 
<646 
<565 
<646 
<646 
<637 
<637 

*Numbers in parentheses indicate the number of experiments carried out at these conditions. 

Table XIV. Results of Selected Selective Condensation Experiments 

Experiment 

Pct Recovery 
of Pct Sb204 

Pct Overall Volatilized in Pct Sb as Sb204 in 
Recovery* Sb** Condensate Sb Recovered 

Wt Pct As 
in Sb204 

Recovered 

CI 56 30 0.5 2.0 1.94 
D1 64 47 30.2 64 0.62 
D2 54 31 20.0 60 0.61 
D3 70 61 43.5 75 0.38 
I1 66 72 22.1 26 0.23 

*Total mass of condensate recovered as a percentage of total mass loss of the sample boats. 
**Calculated from mass and composition of condensate and mass loss of antimony boat. 

of antimony in the hot zone of the condenser; in some 
experiments, over 90 pct of the antimony in the system 
was recovered as a high-purity mix of antimony tetrox- 
ide and antimony trioxide. This compares with between 
2 and 74.6 pct recover of antimony as moderate- to high- 
purity antimony tetroxide in the present investigation 
(Table XIV). Table XV shows the theoretical compo- 
sition of vapors generated under the experimental con- 
ditions of  this study and those of  Hager and Li calculated 
using Gibbs free energy minimization. The experiments 
with the best separation of arsenic and antimony were 
experiment 1 from this study and experiment 4 from Hager 

and Li. These have the highest theoretical antimony con- 
tents in the vapor, with Sb406 being the dominant spe- 
cies in both cases. The experiment from this study with 
the poorest separation was experiment C1, which had the 
lowest theoretical antimony content in the vapor, with 
the vapor species As2Sb:O6 being the most plentiful. These 
observations indicate that separation of antimony oxide 
from mixed oxide vapor by the formation of solid anti- 
mony tetroxide with low arsenic content is favored by a 
high concentration of antimony in the mixed oxide vapor, 
the explanation being the unfavorable kinetics of oxi- 
dation of the mixed As-Sb vapor species. 

Table XV. Theoretical Vapor Compositions for Selective 
Condensation Experiments Calculated by Gibbs Free Eaergy Minimization 

Volume percent 

Hager and Li Hager and Li 
Experiment Experiment 

Species Experiment CI Experiment DI Experiment D2 Experiment D3 Experiment I1 3* 4** 

5b406 8.15 22.2 17.4 27.8 40.0 28.0 66.2 
As3SbO6 32.4 41.1 20.4 12.1 6.40 10.9 1.11 
AszSb206 38.8 28 1 35.1 29.0 21.4 28.3 7.86 
AsSb306 20.7 8.58 27.1 31.1 32.1 32.8 24.8 
Initial N_, 574 574 574 574 574 200 200 

amounts SbzO~ 2.22 5.48 4.66 5.94 3.66 1.21 5.48 
(tool) ms203 5.17 6.29 6.74 5.48 2.11 1.04 1.1062 

Reaction 
temperature 
(~ 549 624 624 624 622 549 629 

*Based on nitrogen saturated with As406 at 219 ~ and then equilibrated with Sb_,O3 at 549 ~ 
**Based on nitrogen saturated with AS406 at 220 ~ and then equilibrated with Sb_,O3 at 629 ~ 
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Table XVI. Theoretical Vapor Compositions for Selective 
Condensation Experiments Calculated by Gibbs Free Energy Minimization 

Volume percent 

Hager and Li 
Hager and Li Experiment 

Species Experiment C1 Experiment D1 Experiment D2 Experiment D3 Experiment I1 Experiment* 4** 

5b406 8.15 22.2 17.4 27.8 40.0 28.0 66.2 
As3SbO4 32.4 41.1 20.4 12.1 6.40 10.9 i. 11 
As2Sb206 38.8 28.1 35.1 29.0 21.4 28.3 7.86 
AsSb306 20.7 8.58 27_ t 31.1 32.1 32.8 24.8 
Initial N2 574 574 574 574 574 200 200 

amounts Sb203 5.48 5.48 4.66 5.94 5.94 1.21 5.48 
(tool) As203 6.29 6.29 6.74 5.48 5.48 1.04 1.10 

62 
Reaction 

temperature 
(~ 624 624 624 624 624 549 629 

*Based on nitrogen saturated with As406 at 219 ~ and then equilibrated with Sb203 at 549 ~ 
**Based on nitrogen saturated with AS406 at 220 ~ and then equilibrated with SbzO3 at 629 ~ 

V. CONCLUSIONS 

Th e thermodynamic analysis of the As-Sb-O system 
indicated that if arsenic and antimony oxides are present 
as pure solid phases, there is no theoretical limitation to 
their separation either by selectively volatilizing the more 
volatile arsenic trioxide or by separating the oxides from 
the vapor state by selective condensation of the individ- 
ual oxides in the appropriate temperature ranges. For- 
mation of solid solutions between antimony trioxide and 
arsenic trioxide limits the removal of arsenic trioxide from 
antimony trioxide by selective volatilization. The selec- 
tive volatilization experiments using nitrogen as a carrier 
gas failed to produce commerical-grade antimony tri- 
oxide. The lowest arsenic level achieved using an in- 
dustrial fume containing 13.8 wt pet. As was 4.9 wt pet. 
As, and this was obtained after 6 hours at 535 ~ This 
represents 78 pet removal of arsenic, and it was accom- 
panied by 32 pet loss of antimony. Formation of solid 
solutions between the two trioxides precludes separation 
of the oxides by selectively condensing the oxides from 
a mixed oxide vapor. In the selective condensation ex- 
periments without oxygen addition, arsenic and anti- 
mony trioxide were recovered as a white condensate which 
contained significant quantities of each element, over a 
wide range of temperatures (<517 ~ Thermodynamic 
calculations allowing for solid-solution formation predict 
this behavior. The process suggested by Hager and Li 
for separating the oxides in the vapor phase by injecting 
oxygen into a mixed oxide vapor is sound thermo- 
dynamically, and in the experiments carried out, anti- 
mony tetroxide with between 0.23 and 1.94 wt pet. As 
was recovered in the region immediately after the point 
of injection in the temperature range 420 ~ to 646 ~ 
Recovery of low-arsenic-containing antimony tetroxide 
by the mechanism proposed by Hager and Li appears to 
he influenced by kinetic factors. In particular, formation 
of antimony tetroxide by the reaction of oxygen with an- 

timony trioxide vapor species occurs readily, whereas 
the formation of the tetroxide by the reaction of oxygen 
with the mixed oxide vapor species appears not to occur 
as readily. This means that higher conversions to anti- 
mony tetroxide are more likely to be obtained using an- 
timony oxide-rich vapors than arsenic-rich vapors. 
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