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ABSTRACT

An extensive review of the literature resulted
in the collection of sufficient thermodynamic and physical
data to allow for the construction of vapor pressure/stability
diagrams for the As-S-0, Sb-S$-0, and Bi-S-0 systems.
The diagrams were used to make a preliminary analysis
of reported practices and to identify improved processing
opportunities for eliminating As, Sb, and Bi from ores
during roasting. The main application of the diagrams
is to provide the basis upon which roasting processes
can be fine tuned, particularly in identifying possible
trade~-offs between the adjustﬁent of the roaster gas
composition and the adjustment of the roaster temper-
ature. Compilations of the selected thermodynamic and
physical data on the condensed phases and gaseous species
in the As-S-0, Sb-S-0, and Bi-S-0 systems, which were
used ‘in constructing the vapor pressure/stability diagrams,
are presented. The selected data can be used in a wide
variety of thermodynamic calculations involving the

condensed phases and gaseous species in the three systems.
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Chapter 1

INTRODUCTION

1.1 Practical Applications of Me-S-0 System Vapor

Pressure/Stability Diagrams

Me-S-0 system vapor pressure/stability diagrams

predict the stable condensed phases and equilibrium vapor

pressures of the vapor species in the system as a function

of temperature and gas composition. The diagrams may be

used to select the process conditions of temperature and

gas composition for the following applications

1.

Selective sulfation roasting of metallic

oxides, sulfides, and sulfates to effect a
separation of two or more metals. The re-
quired metal is in the sulfate (oxide) form,
while the remaining metals are in the oxide
(sulfate) forms. The products may be separated
by a simple water leach, since metal sulfates
are generally water soluble while metal oxides
are water insoluble. Selective sulfation
roasting is used industrially to separate copper
1-3

and iron sulfides and copper and cobalt sul-

fides from iron sulfide.4 Laboratory scale
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studies5 have demonstrated the feasibility of
recovering copper and zinc from complex sulfide
ores by selective sulfation roasting. A com-
mercial operation for the removal of nickel

from pyrrhotite concentrates by selective sul-
fation roasting to produce water soluble nickel
sulfate has been developed.6 Laboratory7 and
pilot plant8 studies have shown that selective
sulfation roasting may be used to recover nickel
and cobalt (as soluble sulfates) from lateritic

ores.

2. Removal of impurities through veclatilization during
roasting of ores or concentrates. The objective
in impurity removal during roasting is to deter-
mine thermodynamically feasible temperature and
gas composition conditions which will maximize
the vapor pressure of the impurity vapor species.
The form of the vapor species, which may be
important for subsequent disposal or recovery of
the impurity, can also be predicted from the
diagram. Arsenic is removed as a volatile im-
purity during the roasting of iron ores,g_13
pyritic Au ores,]'4 Au o_res,15 mixed sulfide
16,17 18.

ores, and Sn ores. The elimination of

antimony from ores is also accomplished during
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14,16,18,19

commercial roasting. The separation

of mercury from ores and concentrates is achieved

by roasting.20

Design of special roasting processes. This is
best illustrated by an example of a specific
roasting process design. Laboratory studies21
have demonstrated the feasibility of using iron
oxide as a sorbent for soz(g). The thermodynamic
feasibility of this process was determined by
analyzing Fe-S-0 system predominance area

diagrams.21
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1.2 Scope and Purpose of Research

The objective of this research work was two-fold:
1. The primary objective of this study was to
construct vapor pressure/stability diagrams
for the As-S-0, Sb~S-0, and Bi-s—d systems
using the best thermodynamic and physical data
available in the literature.
2. A secondary objective was to use ﬁhe constructed
diagrams to make a very preliminary analysis
of possible processing opportunities for As,
Sb, and Bi-containing ores that are not presently
apparent, including
a. variations on reported commercial practices
b. new process schemes
Vapor pressure/stability diagrams for the As-S-0,
Sb-S-0, and Bi-S-0 systems are not currently available in
the literature. The absence of these diagrams in the
literature is surprising, considering that As, Sb, and
Bi are common impurities in Cu, Pb, Co, Zn, Mo, Sn, Ag,

22-24

and Au ores. It should be noted that vapor pressure/

stability diagrams for the Cd-S-0, Sn-S-0, and Pb-S-O
systems are available in the literature;zs'26

The availability of As-S-0, Sb-S-0, and Bi-S-O
system vapor pressure/stability diagrams for use in

selecting process conditions of temperature and gas com-

position for the removal of these common impurities during
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normal roasting'of sulfide ores containing As, Sb, and
Bi is essential. In addition, the development of improved
roasting processes for the treatment of ores with high
As, Sb, and Bi contents by selective volatilization of these
impurities requires the information given in the vapor
pressure/stability diagrams.

The following series of operations had to be completed
for each Me-S-0 system prior to construction of the vapor

pressure/stability diagrams

1. Identification and collection of relevant thermo-
dynamic and physical data in the literature on
the condensed phases and vapor species in the

Me-S-0 system.

2. Treatment of the data using various techniques
discussed in the succeeding chapter on methods
of analysis and in Appendices 3.A, 3.C and 3.D.
It should be noted that all condensed phases
are assumed to be pure (of unit activity) in

this study.

3. Selection of the best thermodynamic and physical
data for each condensed phase and vapor species
in the Me-S-0 system based upon results of the

data treatments.
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Selected standard free energy of formation equations
for the condensed phases and vapor species in each system
were used to construct vapor pressure/stability diagrams.
Using the diagrams that were constructed, an analysis was
then made of reported industrial practice for removing As,
Sb, and Bi from ores by roasting in order to identify

improvements on reported practices and new process schemes.
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1.3 Organization of the Thesis

The thesis is organized in the following manner:

l.

Presentation of the methods of analysis used
in treating vapor pressure data and a survey of
the literature review that was undertaken

(Chapter 2).

Summary of data in the literature, presentation
of treatments of the data, discussions on selec-
tion and confidence of the data, and presentation
of vapor pressure/stability diagrams for the
As-S-0, Sb-S-0, and Bi-S-0O systems (Chapters 3,

4, and 5).

Discussions on the applications of the vapor
pressure/stability diagrams to impurity removal
during roasting of ores containing As, Sb, and
Bi. Current industrial roasting practices are
discussed in light of the vapor pressure/
stability diagrams, and additional process
schemes for removing As, Sb, and Bi by roasting

are proposed (Chapter 6).

Presentation of recommendations for supplementary

‘experimentation on the As-S-0, Sb-S-0, and Bi-S-0

systems, and recommendations on other Me-S-0 vapor
pressure/stability diagrams which need to be con-

structed (Chapter 7).
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The individual chapters in the thesis have separate
sets of references and appendices, presented at the end
of the thesis. Within a given chapter, the references are
numbered sequentially (1, 2, 3, ...). The appendices are
designated as 3.A, 3.B, 4.A, 4.B, ..., where the number
signifies the chapter and the letter signifies the par-
ticular appendix for the designated chapter. ‘Within each
chapter, the equations, reactions, tables, and figures are

designated. as follows

equations: 3.1, 3.2, 3.3, ..., 4.1, 4.2, 4.3, ...

reactions: 3a, 3B, 3C, ..., 4A, 4B, 4C, ...
tables: 3.1, 3.2, 3.3, ..., 4.1, 4.2, 4.3, ...
figures: 3.1, 3.2, 3.3, ..., 4.1, 4.2, 4.3, ...

The first number on the left signifies the number of the
chapter in which the equation, reaction, table, or figure
appears. The number to the right of the decimal point
(for equations, tables, and figures) or the letter following
the chapter number (for reactions) signifies the particular
equation, reaction, table, or figure within the designated
chapter. The number codes are always preceded by the words
Equation (Egn.), reaction, Table, or Figure.

A list of the symbols used throughout the thesis is

presented in Appendix 1l.A.
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Chapter 2

METHODS OF DATA ANALYSIS AND SURVEY OF THE

LITERATURE REVIEW

Second and third law methods of thermodynamic data
analysis were used in this study to.analyze tabulated
vapor pressure data. The analyses are performed to
determine the accuracy and consistency of vapor pressure
data, and to identify correlations of vapor pressure data
of two or more different investigations on the same
volatilization reaction. Selected results of the analyses
may therefore be derived from the combined data of several
investigations rather than a single study.

The second and third law methods, and a direct
method for analyzing equilibrium constant data are dis-

cussed below.

1. Second law methods of thermodynamic data analysis

Second law analyses can be performed using
two different functions: I and I'. The results
of the analyses, in the form of second law plots,

indicate correlations between the vapor pressure
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data of several studies and the accuracy and

consistency of the data of individual studies.

a) Sigma (I) method

The second law (ZI) method! makes use of
experimental equilibrium constant data for a
reaction and analytical heat capacity equa-
tions for the products and reactants of the
reaction.

Consider the general reaction

aA + bB = ¢cC + 4D (22)

Assuming the form of the heat capacity equation

for the reaction

ACP® = Aa + AbT - AcT 2

(2.1)
Integrate the relationship
d A H° = ACp® 4T (2.2)
using the ACp°® egquation given above
AH® = AaT + AbT2/2 + Ac/T + AH (2.3)

where: AHO = constant of

integration



Substitute for AH° in the Gibbs-Helmholtz

equation

d_(AG°/T) _-AH°

dT T2

and integrate

AG®/T = -Aa LNT = AbT/2 + Ac/2T2

+ AHO/T + I

where: I = constant of

integration

Substitute the relationship
AG® = =-RT LN K
for AG®° and multiply by T

-RT LN K = -AaT LNT - AbT2/2

+ Ac/2T + AHO + IT
Define the sigma (Z) function

I = =R LN K + Aa LNT + AbT/2

- Ac/2T2

Rearrange Egn. 2.7 and substitute for the I

function (Egn. 2.8)

11

(2.4)

(2.5)

(2.6)

(2.7)

(2.8)

(2.9)
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12

Values of the X2 function at each experimental
temperature are calculated using the equili-
brium constant data and heat capacity equations.
For volatilization reactions; equilibrium con-
stant data are calculated from vapor pressure

data.

A plot of I versus 1/T should yield a straight
line of slope AHO and intercept I. When I ver-
sus 1/T data from several investigations are
plotted on the same graph, all data should lie
along the same straight line. If the data of
different investigators do-not show good cor-
relation, this indicates inaccuracies in the
vapor pressure data or heat capacity equations
used in the second law analyses.

It must be pointed out that i£ ACp® = 0
or if ACp® 'is very small in the temperature
range of the experimental data, then Z = -RLNK
(see Egn. 2.8). In this case, the plot of
Z versus 1/T reduces to a LN K versus 1/T

plot of slope (~ AH°/R).
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b)

13
A singular advantage of the second law
(£) method is that analytical equations for
AH° and AG° as a function of temperature can
be generated (see Egns. 2.3 and 2.5). The
second law heat of reaction at 298 K (AH°298)
can be calculated using Egn. 2.3.
Sigma' (Z') method
The second law (I') method proposed by
Cubicciotti2 makes use of experimental equili-
brium constant data for a reaction and thermo-
. _ o _
dynamic data ((H°T . H 298) and (S°T S°298),
or free energy functions (fef')) for the
products and reactants of the reaction.
Consider the general reaction
aA + bB = cC + dD (2a)
From the thermodynamic relationships
AG® = - RT LN K (2.6)
o = o - °
and AG AH m TAS T (2.10)
the relationship
AH°T
- = - o
R LN K T AS o (2.11)

can be derived.
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AH®59g
—F and AS°298 from the

right side of Egqn. 2.1l

Add and subtract

- RIN K = 20y - H209) + 18208 (2.12)
T T
- 8(8%, = 8%;9g) ~ £5%;98
Rearrange to yield
53;325 - 48°,04 = - R IN K - 28y —T¥6298) (2.13)
+ 4(8°; = S%,9g)

)

Define the free energy increment (fef"

incr
function
[} - o ' o - o
cos _ 8% = Ma0g) %298 =~ M98, 1,
incr T 298. *
HO
Rearrange Egn. 2.14 and add and subtract TT
from the right side of the equation
o - -} -} - ]
car _ (H T G T) } (H 298 G 298) (2.15)
incr T 298 ‘ :
o - o
(H°p = H®59g)

T
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Since
o - )
go = o~ Sy (2
T —— .
and
(H®98 = G°298)
° =
S%298 398 (2.
(H°,, - H® )
' = o . Qo - T. 298
fef incr (s T S 298) T (2.
Applying the delta operation for reaction 2A
A(Ho - H° )
' = o - o - T 298
A(fef incr) A(s T S 298) T
Substitute into Egqn. 2.13 and define the sigma’
(Z') function
,_AHO
_ 298 _ ,
S A ET: (2
to obtain
I = o - ¥
z R LN K A(fef incr) (2
Values of the I' function at each experimental
temperature are calculated using equilibrium
constant and fef', data. For volatilization
incr

reactions, equilibrium constant data are cal-

culated from vapor pressure data.

15

16)

17)

18)

(2.19)

.20)

.21)
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16
A plot of Z' versus 1/T should yield a
straight line of slope AH°298 and intercept

-Ag®° The I£' versus 1/T data of several

298"

investigators should fall on the same straight

line on a L' plot. If the data do not lie

along the same straight line, the vapor pressure
: ) - )

or thermodynamic data ((H T H 298) and

(s°., - S ) or free energy functions (fef'))

Q
T 298
are not accurate.
Cubicciotti2 reports the following advan-
tages of the second law (I') method over the

conventional second law (I) method:

1) The X' method utilizes tabulated (H°T-H°298)

- o 5
and (S°T S 298) or free energy function
(fef') data. Analytical heat capacity
functions required for the I method analysis
which may not be readily available in the

literature are not needed in the I' method.

o o
2) Values for AH 298 and AS 2gg are generated
directly in I' method analyses. These

thermodynamic data must be calculated from

the results of I method analyses.
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3) Data at temperatures above and below a
transition point should fall on the same
straight line on a I' plot. In the
usual I method analysis, the data above
and below the transition point will fall
on liﬁes of differing slopes. Therefore,
vapor pressure data for two or more con-
densed phases can be compared more

readily using the I' method analysis.

In analyzing vapor pressure data, the second law (Z')
method was used rather than the second law (I) method.
The I'method was chosen because the I method requires the
use of analytical heat capacity equations, which are
obtained for the vapor species by regression of discrete
heat capacity values calculated from statistical thermo-
dynamic relationships. In order to avoid possible errors}
resulting from regression of computed heat capacity values,
(G = H°298)

T
puted at given temperatures from statistical thermodynamic

the I' method, which utilizes values com-

equations, was used in the data analyses. 1If the results

of the second law (I') and third law analyses indicated that
the vapor pressure data were accurate, a second law (I)
analysis was performed to generate a free energy equation

for the volatilization reaction.
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Third law method of thermodynamic data analysis

The results of third law analyses, in the
form of third law plots, indicate correlations
between the vapor pressure data of several
studies and the accuracy and consistency of the
data of each study. Systematic errors in experi-
mental measurements can also be detected from
third law results.

The third law methodl makes use of
experimental equilibrium constant data for a
reaction and free enefgy functions (fef') for

the products and reactants of the reaction.
Consider the general reaction
aA + bB = ¢C + dD (22)
The following relationship is true

A(G®,, = H°, o)
_ T 298
AG® = T = + AH® g0 (2.22)

Define the free energy (fef') function

(G°,, - H°® )
fef! = — T . 298 (2.23)
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Substitute for fef' in Egn. 2.22

AG° = T (Afef') + AH°,qg (2.24)
Substitute for AG° using the relationship

AG® = - RT LN K (2.6)
to obtain the equation

- RT LN K = T (Afef') + AH® 59g (2.25)
Solve for the third law heat of reaction

at 298 K (AH®,q4g)

AH® =T (- RLN K - Afef!') (2.26)

298

Values of AH°298 are calculated from experi-
mental equilibrium constant - temperature data and
fef' data. For volatilization reactions, equili-
brium constant data are calculated from vapor
pressure data. A AH°298 value is calculated from

each vapor pressure - temperature data pair.

On a plot of AH°298 versus T, AH°298 should
be constant (independent of temperature). If the

AH°298 data are skewed at increasing temperatures,

it is probable that there are systematic errors

in the experimental vapor pressure data.
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Inaccuracies in the fef' functions also result
in observable temperature dependencies of the

AH® values. The AH® data of several

298 298
investigators should be constant and equal to

the same value.

Values of AH° 8 generated from second law (I,Z')

29
and third law analyses should be in good agreement.

3. Direct analysis of equilibrium constant data

When thermodynamic data required for second
law (Z or I') and third law analyses are not
available, or are believed to be inaccurate,
it is recommended that the equilibrium constant

data be analyzed directly as follows.

Consider the reaction

aA + bB = cC + dD (2a)
From the van't Hoff equation

d LN K _ _ AH°
I/ - T ' (2.27)
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Integrate to yield the equation
-AH®°
LN K = "7 + C (2.28)
where: C = constant of
integration
AH® is independent of
temperature
or
= ZAH° '
LOG K = 3303 RT + C (2.29)

For volatilization reactions, equilibrium
constant data are calculated from vapor pres-

sure data. When AH° is independent of temper-
ature (ACp® = 0) in the temperature range of

the experimental data, or the temperature interval
is small, the LOG K versus 1/T plot will be a
straight line. The data oﬁ several investigators
should lie along the same straight line, provided

that the above conditions are met.
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An outline of the procedure used in the literature

survey for the data required for construction of the vapor

pressure/stability diagrams is.presented below

1.

Use of the Lockheed Data Retrieval Service to
identify relevant Chemical Abstracts entries

(1967-79) .

Use of the collective Chemical Abstracts indices

to identify relevant abstracts (1956-66).

Collection of all articles corresponding to
the abstracts identified in the literature

searches.

Translation of foreign language papers (Russian,

German, French and Bulgarian).

Identification and collection of all .relevant
articles referenced in the articles obtained

from the literature searches.

The procedure used in the literature review of current

practices for eliminating As, Sb, and Bi from ores during

roasting is summarized as follows
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Identification and collection of all relevant

Chemical Abstracts entries (1200-80).

Collection of all articles corresponding to
the selected abstracts which were readily

available.
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Chapter 3

THE As-S-0 SYSTEM

3.1 Introduction

3.1.1 Organization of the chapter

The first four major sections of this chapter on
elemental_arsenic, arsenic oxides, arsenic sulfides, and
As-S-0 compounds are each organized in the following
manner. First, the condensed phases and gaseous species
are identified. ©Next, all relevant thermodynamic and
physical data in the literature are summarized. It must
be pointed out that there were two major categories of
data of interest to this study: data used to generate
free energy of formation equations for the condensed
phases and gaseous species which are required for vapor
pressure/stability diagram construction, and data used in
second and third law thermodynamic analyses of wvapor
pressure data. The specific types of data included in
each of these two major categories will be discussed

shortly. Treatments of the data using various techniques

24
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described in the preceding chapter on methods of analysis
and in the corresponding appendices to this chapter are
then discussed in detail. Finally, the best thermodynamic
and physical data for each condensed phase and gaseous
species, including free energy of formation equations, are
selected, and summarized at the end of the section.

The last two sections of this chapter summarize all
selected data and describe the construction of vapor

pressure/stability diagrams for the As-S-0 system.

3.1.2 Types of data of interest to this study

As mentioned previously, there were two main cate-
gories of data of interest to this study. The specific
types of data included in each category are summarized
below:

1. Data used in the generation of free energy of
formation equations for all condensed phases and
gaseous species in'the As-S-0 system.

a. high temperature (> 298 K) heat capacity
(or heat content) data

b. heat capacity at 298 K

c. heat of formation at 298 K

d. absolute entropy (or entropy of formation)
at 298 K

e. high temperature (> 298 K) free energy of

formation data
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f. crystalline transformation heats and temper-
atures
melting temperatures and heats of fusion

h. vapor pressure data

It should be pointed out at this time that all
thermodynamic formation quantities for the con-
densed phases and gaseous species were based upon
formation from As(s), Oz(g), and Sz(g), regardless
of temperature.

- H

T
condensed phases and gaseous species required for

o o
Data used to generate (G T 298) functions for

second law (') and third law thermodynamic

analyses of vapor pressure data.

a. for condensed phases: use data described in

GO. - Ho
(1.) above to generate the (- T 298)

T

functions

b. for gaseous species: use statistical thermo-
dynamic formulae and the following data:
1.) molecular constants (bond lengths,
bond angles, moments of inertia,
symmetry numbers, rotational parameters)
2.) fundamental frequencies and degeneracies

of the vibrational states of the gaseous

molecule
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In addition to the types of data in these two major cate-
gories, boiling and sublimation points, and heats of vapor-

ization and sublimation were examined in this study.

3.1.3 Summary of material presented in the chapter

All thermodynamic and physical data in the literature
of the types summarized in the preceding section are
presented in this chapter and the corresponding appendices.
Selected data based upon results of treatments of all
available data are presented and summarized in tabular form.
Tables of generated thermodynamic functions for the gaseous
species are included in the appendices to this chapter.

The adopted free energy of formation equations for all
stable condensed phases and gaseous species are given.
Vapor pressure/stability diagrams for the As-S-0 system
at 473, 673, and 873 K, which were constructed using the
adopted free energy of formation equations, are presented

at the end of the chapter.
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3.2 Elemental Arsenic

3.2.1 Identification of condensed phases and gaseous species

The two most common forms of elemental arsenic are the
rhombohedral o structure and the. amorphous B8 structure.l
Other allotropic forms of solid arsenic include cubic and
orthorhombic crystalline modifications, and two amorphous

2 At temperatures above

structures designated y and §.
550 K, all three amorphous forms transform to metallic

o - As.2 Since the properties of all forms of solid

arsenic with the exception of the metallic a form are not
well definedl, only o - As will be considered further in
this study. The metallic o form will be designated simply
as As(s).

Molten arsenic is formed during heating under pressures
in excessyof‘30 atm.l Since these pressures are higher than
those of interest in this study, the liquid arsenic phase
will be disregarded.'

The gaseous species As4(g), As3(g), ASZ(g) and AS(g)
have been identified in the vapor above solid and liquid

. . 2-6
arsenic.
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3.2.2 Summary of data in the literature

3.2.2.1 Condensed phases

Arsenic sublimes under atmospheric pressure without
melting. In this study, the sublimation point is defined
as the temperature at which the total pressure of vapor
above the solid equals one atmosphere. Sublimation points
in the range 840 - 902 K and heats of sublimation in the
range 6.8 - 10.8 kcal/mole As(s> have been calculated from

5-15 Averaging the results of several

5-7,10,15

vapor pressure data.
studies which are in good agreement, a sublima-

tion point of 889 *# 5 K and a heat of sublimation of 7.9 &
0.8 kcal/moie As(s) were computed and adopted for use in
this study.

Data on the fusion of arsenic are in good agreement.
Horibal? reports a melting point of 1093 * 3 K at 36.5 atm.
Bakerls gives a melting éoint of 1089 + 1 K at pressures
in the range 35 - 200 atm, and a melting point of 1091 # 1 K
at pressures greater than 200 atm. Heats of fusion cal-
culated from Horiba's and Baker's data are 5.6 and 5.7
kcal/mole As(s), respectively. Based upon these two studies,
a melting point of 1092 *# 4 K at 35 atm and a heat of fusion
of 5.65 + 0.50 kcal/mole As(s) were selected.

Low temperature calorimetric heat capacity measurements

by Anderson16 (57 - 291 K) and Paukov et al.l7 (13.9 - 289 K)
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are in good agreement. The adopted absolute entropy of
solid arsenic at 298 K derived from the results of these
studies is 8.534 cal/deg-mole. Klemm et al.18 measured the
high temperature heat content of arsenic using calorimetry.
Thermodynamic functions of solid arsenic were calculated

by Herrick and Feber19

using the above data. The heat
and free energy of formation of solid arsenic are zero
at all temperatures because the element is in its standard

state.

3.2.2.2 Vapor species

- The molecular structure of As4(g) has been studied

20

by Maxwell et al. and Morino et al.21 using electron

diffraction. The vapor species As4(g) has a regular

20,21

tetrahedral structure. The As-As bond length in the

21 The fundamental vibrational

frequencies of As4(g) determined by Capwell and Rosenblatt22

molecule has been measured.

from the infrared spectrum and-Ozin23 from the Raman spec-

trum are in good agreement. Thermodynamic functions for

As, gy have been computed by several authorsi’r22r24,25

using molecular constants and fundamental vibrational

frequency data.
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3.2.2.3 vVolatilization studies

3.2.2.3.1 Vapor composition

The composition of the vapor above solid arsenic has
been studied by several investigators. Using vapor density
measurements, Preuner and Brockmbller6 concluded that dis-
sociation of As4(g) in the vapor above so0lid arsenic is
negligible up to 800 K. Rau3 measured the vapor density
above solid As at 906 - 1090 K, and found that the wvapor
contained essentially all As4(g). Mass spectrometric
studies on As(s) by Kane and Reynolds4 at 530 - 620 K
fixed the vapor composition as As4(g). Mallmannsvused mass
spectrometry to determine that As4(g) is the predominant
vapor species above solid arsenic at temperatures below

833 K, while As is predominant at temperatures greater

2(g)
than 1373 K. Mass spectrometric studies on GaAs(s)26_27,
28 29 o 30 : ,
InAs )", MOAs,  °7 and CdjAs, "~ confirm that arsenic

exists solely as As4(g) in the vapor up to 800 K. The

concentrations of As3(g) and As in the vapor above solid

(g)
arsenic are negligible up to 1200 K (< 0.03%).2

3.2.2.3.2 Vapor pressure

The vapor pressure of solid arsenic has been studied

5-15,19,31

extensively. Experimental techniques and tem-

perature ranges of studies documented in the literature

are presented in Table 3.1.
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Table 3.1
Summary of Vapor Pressure Data on
Solid Arsenic
Study Temperature Experimental
Range (K) Technique
Mallmann5 790 857 optical absorption
Mamedov et al.8 881 1263 membrane manometer
Wiechmann et al.l'O 773 863 guartz spoon gauge
| Ruff and Bergdanitl| 732 - 838 boiling point
Ruff and Mugdan®? 778 - 906 boiling point
Horibal3 723 1088 quartz spiral gauge
Preuner and 6 673 873 quartz spiral gauge
Brockmdller
Gibson14 742 842 quartz spiral gauge
Baker15 887 1062 quartz Bourdon gauge
Herrick and Feber19 522 714 torsion - effusion
Strathdee and 773 838 quartz spoon gauge
pidgeon’

Muradov9 633 693 optical absorption
Rosenblatt and 508 580 Knudsen - effusion

32
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3.2.3 Treatment of data

3.2.3.1 Condensed phases

The high temperature heat content data of Klemm et al.18

was used to generate the following heat capacity equation

for As(s)

Cp°® = 5.575 + 0.0129T - 4420/T-2 (3.1)
(cal/deg-mole)

Since solid arsenic is an element in its standard state,

AG"f = 0 (3.2)
(cal/mole)

at all temperatures.

- H
T
and third law thermodynamic analyses were calculated using

- o
Values of (GOT 298) required for second law (I')

the procedure described in Appendix 3.A.

3.2.3.2 Vapor species

The molecular constants and fundamental vibrational
frequency data selected for use in this study are presented
in Appendix 3.B. The selected data, and the statistical
thermodynamic relationships given in Appendix 3.C, were
used to generate thermodynamic functions for As4(g).

Tabulated results of these thermodynamic functions, including
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-] ]
the (G - 298) values needed in the thermodynamic
T

analyses, are presented in Appendix 3.B.

The following heat capacity equation for As4(g) was

generated from the computed data:

5 (3.3)

(cal/deg-mole)

Cp°® = 19.81 + 4.38 x 10 °T - 121870/T2

3.2.3.3 Volatilization studies

Based upon previously reviewed vapor composition data,
it is assumed that As4(g) is the only vapor species above
solid arsenic at temperatures below 873 K. Therefore, the

primary sublimation reaction is:

4 As (34)

= As
(s) () (298-873 K)

Second law (I') and third law methods of thermodynamic
data analysis were used to critique the vapor pressure data
of those investigators listed in Table 3.1 who reported
their data in tabulated form. Since the analyses were
based upon sublimation reaction 3A, vapor pressure data for
temperatures greater than 873 K were not included. The
second (I') and third law analyses were performed using

- H
T
As(s) (by Appendix 3.A), and the vapor pressure data of

o
values of (GOT 298) for As (see Appendix 3.B) and

4(qg)

different investigators. Second law (I') and third law
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plots are presented in Figures 3.1 and 3.2, respectively.
Table 3.2 gives the second and average third law heats of
sublimation at 298 K calculated from each study.

Although the second and third law heats of sublimation
from the majority of the studies differ by 4 - 6 kcal/mole,
it appears that the data of five of the studies lie on a
straight line on the second law plot (see Figure 3.1). By
eliminating all the data of Ruff and Bergdahlll and Ruff

and Mugdanlz, one data point each from Mallmann5 and

13 6

Horiba™~, and three data points from Preuner and Brockmd8ller",
an acceptable line can be drawn through the remaining data
points. Furthermorg, these selected data points are

grouped together on the third law plot at AH°298 = 36.7 ¢ 0;6
kcal/mole, and show no temperature dependent trends. It

can be argued that the data of Mallmann or Ruff and Bergdahl
which show better second and third law heat of sublimation
agreement could be selected independently as the best vapor
pressure data. However, Mallmann reports only two data
points, and the data of Ruff and Bergdahl show significant
deviations from the data of the remaining studies on both
the second and third law plots. Therefore, it was decided
that the vapor pressure data was best represented. by the
combined selected results of Mallmann, Wiechmann et al.,

Horiba, Preuner and Brockm8ller and Gibson. Results from

second law (X) and third law analyses on the compiled
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Figure 3.1 Second law plot for the reaction
4 As(s) = As4(g)

36
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Table 3.2

Second and Third Law Heats of

Sublimation for Arsenic

Study

Second law Average Third Law
[] [o]
AH 298 (kcal/mole) AH 208 (kcal/mole)
Mallmann® 37.12 37.11
Wiéchmann et al.l® 32.09 36.89
Ruff and
Bergdahlll 37.18 35.44
Ruff and
Mugdan 41.31 37.75
. 13 :
Horiba 30.17 36.89
Preuner and
Brockmbller6 30.94 36.48
Gibsont? 34.64 36.53
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data of these five studies are presented in Table 3.3. The
observed difference of 4.5 kcal/mole in the second and
average third law heats of sublimation probably resulted
from errors in the thermodynamic functions for As(s) and
As4(g) used in the analyses.

The free energy of formation equation for As4(g) is

simply the free energy equation for sublimation reaction 3A.

4 As(s) = As4(g) (3a)
8G°, (Bsy o)) = Gy, = 32840 + 5.73TLOGT
-56.19T + 0.00256T% + 52100/T (3.5)
(cal/mole)
(T > 298 K)

3.2.4 Selection and confidence of data

3.2.4.1 Condensed phases

The calculated thermodynamic functions of solid arsenic
are in excellent agreement with those published by Herrick
and Feber 19 (see Table 3.4). Since the high temperature
Cp°® and S°298 data used by Herrick and Feber and this
study for arsenic are identical, this indicates that the

procedure used in this work to derive the thermodynamic

functions of As(s) is correct.
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Table 3.3

Selected Results from Second and Third Law

Analyses on Compiled Arsenic Sublimation Data

For the reaction

4 As(s) = As4(g) (33)
Second law AH°298 = 32.2 kcal/mole
Third law AH°298 = 36.7 + 0.6 kcal/mole
LOG P . = -6419 + 7.229 (3.4)
AS4 T .
(P in atm)
AS4

(742 - 865 K)

AG°3A = 32840 + 5.73TLOGT - 53.19T + 0.00256T.2 (3.5)
+ 52100
T (cal/mole)

(742 - 865 K)
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Table 3.4

Thermodynamic Functions for Solid Arsenic

This Study Herrick and Feber19
(G°_, - H°® ) (G°_, - H° )
m Cp® T 298 Cp® T 298
(K) T T
(cal/deg-mole) | (cal/deg~mole) | (cal/deg-mole) { (cal/deg-mole)
400 6.063 -8.769 6.068 -8.768
500 6.202 -9.215 6.201 -9.215
600 6.337 -9.721 6.334 -9.721
700 6.469 -10.234 6.466 -10.234
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3.2.4.2 Vapor species

- H

T
this study and several other studies are presented in

GO
vValues of (T T

o
298) for As4(g) calculated by

Table 3.5. With the exception of O'Hare'525 values, the
results are in good agreement. Differences probably
resulted from:the source of fundamental vibrational fre-
quency data used in the statistical thermodynamic calcu-
lations. This study used the experimentally measured
frequencies of-Ozin,23 while the other authors used at

least one estimated frequency in their calculations.

3.2.4.3 Volatilization studies

The established sublimation point of arsenic was used

as a means of evaluating the adopted AG° equation for

3A

the sublimation reaction

4 As(s) = As4(g)

Using Egn. 3.5 derived from selected vapor pressure data of

five studies, the sublimation point (Ts) was computed as

follows

T=T_ at P = 1 atm, AG®° (Egn. 3.5) =0

] As4

888.6 K

3A

3
10}
it

42

(33)
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Table 3.5

Free Energy Functions for As

4(g)

(Go - Ho, )
T 298
T Values for As4(g)

-(G° - Hov )

T T 298 (cal/deg-mole)
T This Herrick Capwell Capwell 25
(X) Study and and : and 4 0'Hare
’ Feberl? Rosenblatt?? | Rosenblatt
400 | 79.001 79.570 78.40 78.97 84.373
500 | 80.402 80.975 : 79.79 80.37 88.668
600 [81.984 | 82.561 | 81.36 81.95 92.214
700 | 83.580 84.161 82.95 83.55 95.231

43



T-2431 44

The computed sublimation point of 888.6 K is in excellent
agreement with the independently selected sublimation

point of 889 * 5 K. Therefore, it appears that the adopted
free energy of sublimation equation for arsenic is

acceptable.

3.2.5 Summary of selected data for elemental arsenic

The thermodynamic and physical data for As(s)
selected by this study are presented in Table 3.6.

Adopted data. for As4(g) are given in Table 3.7.
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Table 3.6

Selected Data for As(s)

Cp°(T) = 5.575 + 0.0129T - 4420

SO

298

TZ
(cal/deg-mole)

= 8.534 cal/deg~mole

889 £+ 5 K
= 7.9 = 0.8 kcal/mole As(s)
1089 + 1 K (at 35 - 200 atm)

= 5.65 £ 0.50 kcal/mole As(s)

0 at all temperatures

For the sublimation reaction

4 As(s) = As4(g)
LOG PAs4 = -6$§9 + 7.229 |
(PAS in atm)

4
(742 - 865 K)

45

(3.1)

(32)

(3.4)
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Table 3.7

Selected Data for As

4(g)
Cp°(T) = 19.81 + 4.38 x 107 °T - 121870 (3.3)
2
T
(cal/deg-mole)
For the formation reaction
4 As(s) = As4(g) (34)
AG°f = 32840 + 5.73TLOGT - 53.19T (3.5)
+ 0.00256T% + 52100
T

(cal/mole)
(T > 298 K)
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3.3.1 Arsenic trioxides

3.3.1.1 1Identification of condensed phases and gaseous

species

The molecular formulae Aszo3 and As406 are used to
represent arsenic trioxide, also known as arsenous oxide
and arsenic (III) oxide. Five solid forms of arsenic

32,33 arsenolite, claudetite,

trioxide have been identified:
claudetite II, vy - modification, and amorphous Aszo3.

The crystallography of arsenolite, also known as
octahedral or cubic Aszo3, has been studied by B.ozorth34
and Almin and Westgren.35‘ The crystal structure of
claudetite, or monoclinic Aszo3, has been examined by
Freuh36 and Becker et al.37. These authors37 also
identified claudetite II as a new crystalline modification
of arsenic trioxide having the same monoclinic structure
as claudetite but a different lattice space group. Smits
and Beljaars33 identified y - modification As203 as a
transformation product in the arsenolite - claudetite
crystalline transition. Amorphous Aszo3 is formed by
rapid quenching of molten arsenic trioxide and by slow

cooling of the melt in an evacuated system.32
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Of the solid forms of Aszo3, only a:senolite and
claudetite will be considered further. The existences of
claudetite II' and the y -modification are not firmly
established, and glassy phases are not of interest to this
study.

The primary vapor species above arsenic trioxides at
temperatures up to 1073 K is As406(‘g).38-41 No other

vapor species have been identified in the literature.

3.3.1.2 Summary of data in the literature

3.3.1.2.1 Condensed phases

The crystalline transformation

As203 (octahedral) = A'5203 (monoclinic)

is not well defined. Transformation temperatures in the

33,42-50 and heats of transformation in

the range 325 - 4110 cal/mole A520342-46'48—50 have been

range 240-507 K

reported. The major cause of the difficulty in defining
the crystalline transformation in As,0, is the preferred
formation of the octahedral form. Octahedral Aszo3 forms
upon condensation of As4o6 vapor, reaction of arsenic and
oxygen, and crystallization from solution.44 In addition,
octahedral Aszo3 can be superheated: through the entire
monoclinic Aszo3 stability range to temperatures above the

melting points of both forms.32 The retarded appearance of

48

(3B)
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the monoclinic form has been attributed to slow kinetics
of crystallization.51
Because of the reasons given above, unique values
for the transformation temperature and heat will not be
reported in this study. For simplicity, it will be assumed
that octahedral As,0, is stable up to its melting point,
and monoclinic Aszo3 does not form. Based on the observed
preferred formation and stability of the octahedral form,
it is believed that these assumptions are not unreasonable.
Melting points in the range 524 - 556 K have been

33,42,49,52 Averaging the

33,49,52

reported for octahedral As203.
results of three studies which are in good agreement,
a melting point of 551 * 5 K was selected. Based upon the
vapor pressure results of these three studies for octahedral
and liquid As203, a heat of fusion of 8.5 # 0.5 kcal/mole

As.,0, was calculated and adopted for use in this study.

273

Based on vapor pressure data, normal boiling points
in the range 642 - 734 K and heats of vaporization in the

range 6.7 - 11.5 kcal/mole A5203(£) have been reported for

33,52,53

liquid arsenic trioxide. Using the results of

33 and Stevensonsz,fwhich are in close

Smits and Beljaars
agreement, a normal boiling point of 730 * 5 K and a heat
of vaporization of 7.0 * 0.4 kcal/mole Aszo3(2) were

selected.
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Published heats of formation of octahedral Aszo3
from As(s) and Oz(g) at 298 K are presented -in Table 3.8.
The AHof,298 values for octahedral Aszo3 are in fair
agreement. The most recent value determined by Kirschning
et al.44 was selected for use in this work. These authors
presented a thorough, well-documented study of the low

temperature (20 - 400 K) thermodynamic properties of

Their value of - 157000 agrees well
57

octahedral ASZOB.

with the value of - 157200 selected by Wagman et al.
for octahedral A3203.

9 K- o

A summary of the Cp 298 and S 298 data for octahedral
Aszo3 available in the literature is given in Table 3.9.

‘ . .

»The Cp 598 and S°298 values for octahed;al As?O3 are in
good agreement. The selected values calculated by aver-
aging the results of all three studies given in Table 3.9

are
CP°,9g = 23.1 £ 0.2 cal/deg-mole

se = 25.7 0.2 cal/deg-mole

298

I+

No high temperature (> 400 K) heat content measurements

on octahedral or ligquid A5203 are reported in the literature.

3.3.1.2.2 Vapor species

The molecular structure of As406(g) has been studied

39 38

by Hampson and Stosick and Maxwell et al. using
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Table 3.8
Heats of Formation of Octahedral
Aszo3 at 298 K
a,..o .
AH £,298 Experimental Study
(cal/mole) Technique
-157000 EMF measurements Kirschning et al.44
-154670 heats of reaction in Thomsen54
solution .
~156400 " Berthelot®®
-153800 EMF measurements Schuhmann55
-154700 bomb calorimetry De Passille56
a

formation from AS{S) and Oz(g)
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electron diffraction. The molecule possesses Tyq point

group symmetry characteristic of tetrahedral structures.38’39

39 The funda-

Bond lengths and angles have been measured.
mental frequencies and degeneracies of the vibrational
states of the molecule As406(g) have been obtained from

59 and Brumbach.60

Raman spectra studies by Beattie et al.
Thermodynamic functions ﬁmrAs406(g) have been calculated

by Behrens61 using the above data.

3.3.1.2.3 Volatilization studies

3.3.1.2.3.1 Vapor composition

40 showed that the

Vapor density measurements of Biltz
vapor above arsenic trioxide contains primarily As406 mole-
cules up to 1073 K. Using mass spectrometry, Normah and
Staley4l found As4o6 to be the primary vapor species
akbove premelted Aszo3 samples at 550 - 730 K. Maxwell

et al.38

and Hampson and Stosick39 identified As406 mole;
cules in the vapor above octahedral As203 by electron
diffraction. Nonequilibrium laser mass spectrometric
studies by Ban and Knox62 indicate that As406 is the

predominant vapor species above octahedral Aszo3.

3.3.1.2.3.2 Vapor pressure

As stated previously, it will be assumed that mono-

clinic ASZOB does not form, and the octahedral variety is
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stable up to its melting point. Therefore, only those
vapor pressure studies above octahedral As203 were
examined in this work. A summary of these studies,
including the temperature ranges and experimental
techniques of each study, are presented in Table 3.10.
The same information for the documented vaporization

studies on liquid ASZOB-iS given in Table 3.11l.

3.3.1.3 Treatment Qf data

3.3.1.3.1 Condensed phases

Heat capacity equations for octahedral and liquid
65

Aszo3 were estimated using. Kubaschewski and Alcock's
techniques (see Appendix 3.D), and previously selected
Cp°298 and melting point data. These equations are given
in Table 3.12. Using the procg@ure described in
Appendix 3.A and previously selected thermodynamic data,
free energy of formation equations were derived for the
two arsenic trioxides. These equations are presented in
Table 3.12. It must be pointed out that these are not
necessarily the selected AG°f equations, as other methods

which will be discussed later in the chapter can be used

for generation of the AG°f equations.

54
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Table 3.10

Summary of Vapor Pressure Data on

Octahedral“Asgo

.......... 3
‘Study Temperature Experimental
Range (K) Technique
Welch and-Duschak42 373 -~ 540 air saturation
smellie®? 334 - 424 | static
Rushton and < 523 static, diaphragm
Daniels49
Schulman and 444 -~ 548 gas saturation
Schumb43
Behrens61 366 - 428 Knudsen effusion
Stevenson52 526 ~ 546 static, diaphragm
Jungermann and 423 - 543 Knudsen
Plieth64
Smits and Beljaars33 . 513 ~ 543 static, spoon gauge
Karutz and .
Stranski45 372 550 static, manometer
stelzner??’23 514 - 541 -
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Table 3.11
Summary of Vapor Pressure Data on
Study Temperature Experimental
Range (K) Technique
Smits and Beljaars33 551 - 641 static, spoon gauge
Stevenson52 556 - 754 static, diaphragm

Stelzner-> 553 - 580 -

56
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Table 3.12

Heat Capacity and Free Energy of Formation

Equations for Octahedral and Ligquid As,04

The following heat capacity equations were estimated

using the procedure in Appendix 3.D

for octahedral Aszo3

Cp°® = 17.93 + 0.0363T - 500000 (3.6)

T2 {cal/deg-mole)

for liquid Aszo3

Cp® = 17.93 + 0.0363T - 500000 (3.7)

T2 (cal/deg-mole)

The following free energy of formation equations were

generated using the procedure outlined in Appendix 3.A

2 As gy * 3/2 054y = BS303 (4ctahedral) (3C)
86°; (AS;05 octanedral)! = ~159670 (3.8)
~ 17.70TLOGT + 117.47T
(cal/mole)
(298 - 551 K)
2 Bs o) + 3/2 0,y = Bs,05, (3D)
AGe; (AS,04 ) = -157900 - 35.98TLOGT
+ 164.27T (3.9)

(cal/mole)
(T > 551 K)
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3.3.1.3.2 Vapor species

Thermodynamic functions fdrAs406(g) were generated
using the statistical thermodynamic relationships given in
Appendix 3.C. The molecular constants and fundamental
vibrational frequency data used in the calculations, and
a table of the computed functions are presented in
Appendix 3.E. A regression of the derived heat capacity

values yielded the following equation: for As406(g):

Cp® = 52.99 + 0.00191T - 1095530/’1‘2 (3.10)
(cal/deg-mole)

3.3.1.3.3 Volatilization studies

The primary vapor species above arsenic trioxide up

4
and vaporization reactions can be written

to 1073 K is As oG(g)' Therefore, the following sublimation

2 As.O (3E)

273 (octahedral) = As406(g)
(298 - 551 K)

2 BS503(9) = B8404(q) (> 551 X) (3F)

Second law (I') and third law thermodynamic data
analyses were performed on tabulated vapor pressure data

from studies on octahedral and liquid ASZO3 using computed

- [-]
(GOT _H 298) values for the two condensed phases (by
T :

Appendix 3.A) and AS4O6(g) (see Appendix 3.E).
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The second law (I') and third law plots for octahedral
A5203 sublimation data are shown in Figures 3.3 and 3.4,
respectively. The second law and average third law heats
of sublimation at 298 K for each study are given in
Table 3.13.

The second and average third law heats of individual
studies differ by as much as 7.5 kcal/mole. However, with

the exception of Smellie's63

two lowest temperature data
points, the I' function results of all the studies appear
to lie along a straight line on the second law plot having
a AH9298 value of 27.5 kcal/mole, and the third law

AH® values are concentrated in the region 28.2 # 0.4

298
kcal/mole on the third law plot. The third law results of
individual studies did not indicate any temperature
dependencies. Results from compiled second law I and
third law analyses on all data points with the exception of
Smellie's two lowest temperature values are presented in
Table 3.14. The second and third law heats of sublimation
at 298 K for the compiled analyses are seen to be in good
agreement.

Second law (Z') and third law plots for liquid A5203
vaporization data are presented in Figures 3.5 and 3.6,

respectively. Table 3.15 gives second and average third

law heats of vaporization at 298 K for each sﬁudy.
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>’ FUNCTION (CAL/DEG-MOLE)
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40
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SMITS & BELJAARS (33)
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Figure 3.3 Second law plot for the reaction
2 As,O =As ,0

2 3 ({octahedral) 476 (g)
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Table 3.13

Second and Third Law Heats of

Sublimation for Octahedral As,O

273

Study Second Law Average Third Law
o [
AH 298 (kcal/mole) AH 298 (kcal/mole)
53
Stelzner 29.97 28.14
‘ Welch and .
Duschak 28.68 28.27
smellie®? 36.04 28.57
Smits and .,
Beljaars 33.73 28.33
Schulman and
Schumb43 27.96 28.28
Stevenson52 25.63 28.03
3gehrens®?t 28.66 28.03

aaverage of 6 experimental sets of data
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Table 3.14

Selected Results from Second and Third Law

Analyses on Compiled Aszo Sublimation Data

3 (octahedral)

For the reaction

2 5,03 (octahedral) - 254%(qg) (3E)
Second law AH°298 = 27.5 kcal/mole
Third law AH°298 = 28.2 £ 0.4 kcal/mole
LOG PAS406 = ~5€§3 + 8.964 (3.11)
(PAS 0 in atm)
476
(366 - 548 K)
MG, = 25220 - 39.86TLOGT + 50.04T + 0.0358T° (3.12)
+ 47770

(cal/mole)
(366 - 548 K)
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FUNCTION (CAL/DEG-MOLE)
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Figure 3.5 Second law plot for the reaction

2 ASZOIB(Q) = As406(g)
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Table 3.15

Second and Third Law Heats of

3

Vaporization for Liquid Aszo

Second law

Study aAverage' Third Law
AH°298 (kcal/mole) AH°298 (kcal/mole)
stelzner>> 26.83 15.64
Smé:ijzzgsw 19.21 16.05
Stg‘éinz‘insz' 20.28 15.51
St;z;elnzgnsz ’ 19.68 15.48

a s . .
represents a mathematical average, which is not

physically realistic (see Figure 3.6)
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Although the second and third law heats of vaporization

agreements are poor, the results of Smits and Beljaars33

and Stevenson52 fall on a straight line on the second law
plot. Surprisingly, the third law heats of these two
works display significant temperature dependencies. A
LOG K versus 1/T plot was constructed to examine the
actual vapor pressure data (see Figure 3.7). Since the
data of Smits and Beljaars and Stevenson lie along a
straight line on this plot, it appears that their data
obey the van't Hoff equation and are therefore reasonable.
It was then concluded that the only possible causes of

the observed third law heat temperature dependencies were

- o
H 298) functions for Aszo3 and As,O used
T

GO
the (7. T 4% (q)
in the second and third law analyses. The functions for

As406(g) calculated from statistical thermodynamics should
be reasonably accurate and are in good agreement with the
values published by Behrens.‘61 However, the functions

for Aszo3(£), which are based upon an estimated heat
capacity equation, are gquestionable. On this premise, it
was determined that the second and third law analyses were
not valid. The compiled experimental data of Smits and
Beljaars and Stevenson were regressed to give the vapor
pressure equation presented in Table 3.16. The corres-

ponding free energy of vaporization equation for A5203(2)

is also presented in Table 3.16.
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LOG K
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Figure 3.7 Temperature dependence of the
equilibrium constant for the
reaction 2 A5203(2):=As496(g)
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Table 3.16

69

Vapor Pressure and Free Energy of

Vaporization Equgtlons:ﬂJrAs203(£)

For the reaction

2 A5;03(4) = 854%(qg)

LOG P = -3048 + 4.155
As .04 T
o - - .
AG® 4 19.01T + 13940

(3F)
(3.13)
(P in atm)
As406
(551 - 754 K)
(3.14)

(cal/mole)
(551 - 754 K)



T-2431

3.3.1.4 Selection and confidence of data

3.3.1.4.1 Condensed phases

Free energy of formation values for octahedral A5203
computed from Egn. 3.8 are compared with Elliott and

Gleiser's66

published values in Table 3.17. The values
are in excellent agreement. There are several reasons

why the AG°_ values derived by this study are believed to

£
be slightly superior to those of Elliott and Gleiser.

3 o (<] 3 o
First, the selected Cp 298 and S 298 values used in AG £
calculations in this work were average values of three
independent studies. Elliott and Gleiser used only the

16 . L

o - [+] ]

Cp 298 and S 298 values of Anderson's work in their
derivation of AG°f values for octahedral A5203. Also,

o .
three term Cp°(T) equations for Aszo3 (octahedral) and
As(s) were used in AG°f computations made in this study,
while Elliott and Gleiser used two term Cp°(T) equations.
The additional l/T2 term in the three-term equations
represents the observed curvature in the Cp° - T relation-
ship at the lower temperature above 298 K. Elliott and
Gleiser's two term linear equations do not reflect this

observed curvature. For the reasons given above, the

AG°f values for octahedral A3203 derived in this study

are believed to be more accurate than Elliott and Gleiser's

values.

70
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Table 3.17

Free Energies of Formation of

Octahedral As.O.

2°3

, aA)mo
Temperature aG £ (cal/mole)
(X) This Study bElliott and
Gleiser
298.15 -137,700 -137,700
400 -131,100 -131,150
500 -124,820 -124,800.
506 -124,450 -124,450
,fﬁformation from As(s) and 02(g)
b +1500 cal/mole on AG°_. values

£

71
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The following two procedures may be used to calculate

free energy of formation equations for Aszo3(2):

1. Use the procedure outlined in Appendix 3.A and

the previously selected data and equations:

Cp°(T) equations for octahedral and liquid Aszo3

o o o

AH £,298" S 298’ Tm’ and AH o for octahedral
Aszo3

selected65 Cp°(T) equations and S°298 values for
As(s) and OZ(g)

Regression of the computed AG°f values yields

the equation given below.

2 As(s) + 3/2 OZ(g) = ASZOB(Q) (3D)
AG°f (As203(2)) = -157900 - 35.98TLOGT
+ 164.27T (3.9)
(cal/mole)
(T > 551 K)

2. Use LOG K data for the sublimation and vaporiza-
tion reactions and the AG°f equation for octahedral

As,04 according to the following scheme
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AG°f (Aszo (Egqn. 3.8)

}

3(octahedral))

2 88303 (octahedral) ~ 2%4%(q)  3F)
AG°3E (Egn. 3.12)
W
AG°f (As4o6(g)) equation
\4
2 As2 3(2) = As406(g) (3F)
AG°3F (Egn. 3.14)
AG°f (Aszo3(2)) equation
&
(Egn. 3.15)
From this scheme,

+152.00T + 0.0179T% + 23890/T  (3.15)

(cal/mole)
(T > 551 K)
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Free energy of formation values for liquids As,0,
calculated by method 1 (Egqn. 3.9) and method 2 (Egn. 3.15)
are compared with Elliott and Gleiser's published values
in Table 3.18. The free energy of formation values agree
to within 1.5%. The melting point (Tm) of As203 (octahedral)
was calculated by the following two methods to determine

which AG°_ equation (Egn. 3.9 or 3.15) should be selected

£
for A5203(2)
Asy03 (octahedral) — 25203(q) (3G6)
. AC© = o
A, AG 3G AG £ (A5203(2)) (Egn. 3.9)
- AG°; (As;04 (octahedral)) (Eqn. 3.8)
T = Tm at AG°3G4= 0
(a = a = 1)
58,03 (octahedral) As,03(9)
v - Apo
B. AG°3G AG £ (Aszo3(2)) (Egqn. 3.15)
- AG% (A5203(octahedral)) (Eqn. 3.8)
= o =
T = Tm at AG 3G 0
(a = a = 1)
AS,03 (octahedral) 2$203(q)
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Table 3.18

Free Energies of Formation of

Liquid Aszo3

Temperature aAG°f (cal/mole)
(K) ' .
This Study bElliott and
(Egn. (Egn. . 66
Method 1 3.11) Method 2 3.17) Gleiser
600 -119310 -119070 -119500
700 -114570 -113770 -115100
730.3 -113180 -112140 -113800
a

formation from As(s) and Oz(g)

by 1500 cal/mole on AG®. values
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The resulting melting points are

method A: Tm’ 546.7 K

method B: Tm 555.6 K

Both of thgse calculated melting points are in good
agreement with the independently selected melting point
of 551 * 5 K.

As a further comparison of the two AG9f equations
_for‘Aszo3(2), the vapor pressure at the previously
selected normal boiling point (Tb = 730 + 5 K) was calcu-

lated by the following two methods

2 A3203(2) = As406(g) (3F)
o = o )
A. AG 3F AG £ (AS406(g)) (by method 2, Pg, 72)
»
- 2 AG°

£ (Aszo3(£)) (Egn. 3.9)

AGO3F = -RT LN PAS406(g)
P = 0.23 atm at T, = 730 K
As406(g) b
o - o
B. AG 3IF AG £ (As406(g)) (by method 2, Pg. 72)
- 2 AG £ (A5203(Q)) (Egn. 3.15)

o = -

AG® 5p RT LN PAS4O6(g)

p = 0.96 atm at T, = 730 K

AS406(g) b
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The vapor pressure at the selected normal boiling point
calculated by method B is in much closer agreement with
the expected value of 1.0 atm than the vapor pressure
_ ) .
computed by method A. Since the same AG £ (AS406(g))
equation (determined by method 2, Pg. 72) was used in
methods A and B to calculate AG®,. and, subsequently,
S o
PAS406(g)' it appears that Eqn. 3.15 for AG £ (Aszo3(2))
is more accurate than Egn. 3.9. Therefore, Eqn. 3.1l5 was.

selected for the free energy of formation of A3203(2);

3.3.1.4.2 Vapor species

The thermodynamic functions for As406(g) computed by
this study (see Appendix 3.E) are compared with Behren'sGl
published functions in Table 3.19. The values are in
excellent agreement. Since the same molecular constants
and fundamental vibrational frequency data were used in
both this study and Behren's work, this indicates that the
statistical thermodynamic calculations made'by this study
were performed correctly. |

The following scheme was used to generate a free

energy of formation equation for AS406(g):

77
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Thermodynamic Functions for As

Table 3.19

4% (q)

This Study Behrens61
(GO _Ho ) (Go _Ho )
T Cp® T - 298 Cp® T 298
(K) T
(cal/deg-mole)| (cal/deg-mole) | (cal/deg-mole)| (cal/deg-mole)
T
400 46.56 -99.47 46.56 -99.51
500 49.39 ~102.82 49,39 -102.87
600 51.11 -106.71 51.11 -106.76
700 52.23 -110.71 52.23 -110.76
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AG° . (As ) (Egn. 3.8)

g (BS503 4y

v

= As,0 (3E)

2 28505 (5) 4% (g)

AG (Egqn. 3.12)

°.
3E

AG°f,(As406(g)) equation

S~
>

(Egqn. 3.16)

The resulting AG°f equation is:

4 As(s) + 3 OZ(g) = AS4O6(g) (3H)
AG® . (As,O¢ ) = -294120 - 75.26TLOGT
+ 284.98T + 0.0358T° + 47770/T  (3.16)
(cal/mole)
(T > 298 K)

3.3.1.4.3 Volatilization studies

The melting and normal boiling points of arsenic
trioxide have been examined in the preceding section on
condensed phases. These results, along with the good
correlations found for the second law analyses of vapor
pressure data, indicate that the sublimation and vaporiza-

tion data are consistent.
\
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3.3.1.5 Summary of selected data for arsenic trioxides

The thermodynamic and physical data for octahedral
and liquid As203 adopted by this study are presented in
Tables 3.20 and 3.21.

Selected data for AS406(g) are given in Table 3.22.

3.3.2° Arsenic pentoxides

3.3.2.1 1Identification of condensed phases and gaseous

species

The structure and molecular formula of arsenic pen-

1,67,68

toxide are not known. In this study, the empirical

formula A5205 will be used to represent arsenic pentoxide.
The oxide is commonly produced hydrometallurically,l’69
although one reference sourcel claims that preparation of

As 05 by reaction of As or As203 with oxygen under pressure

2
is feasible. Other sources, however, state that A5205
cannot be produced by oxidation of arsenic or arsenic

67,68 It is possible that the oxidation reactions

trioxide.
are kinetically unfavorable.

Although there is a lack of structural data in the
literature, solid A5205 will be accepted as a condensed
oxide phase. It should be mentioned at this time that

Aszo5 may exist merely as a metastable phase, possibly

formed only in the presence of impurities.
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Table 3.20

Selected Data for octahedral Aszo3

Cp°(T) = 17.93 + 0.0363T - 500000 (3.6)
—

T (cal/deg-mole)

S°298 25.7 * 0.2 cal/deg-~mole

AH° = 8.5 * 0.5 kcal/mole

For the formation reaction

2 Bs gy * 3/2 05y = BS,303 Gctanhedral) (3¢)
AH°f'298 = -157000 cal/mole
AG°, = -159670 - 17.70TLOGT + 117.47T  (3.8)

(cal/mole)
(298 - 551 K)

For the sublimation reaction

2 Bs,04 (qctahedral) — 2%4% (q) (3E)
LOG P = -5683 + 8.964 (3.11)
As,0¢ -7
(P in atm)
As4O6

(366 - 548 K)
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Table 3.21
Selected Data for As203(2)
Tb = 730 £ 5 K
<) -
AH vap 7.0 £ 0.4 kcal/mole A5203(2)
For the formation reaction
+ ( =
2 As(s) 3/2 OZ(g) Aszo3(£) (3D)
AG°f = -154030 - 37.63TLOGT + 152.00T (3.15)
+ 0.0179T% + 23890
T (cal/mole)
(T > 551 K)
For the vaporization reaction
2 ASZQ3(£) = AS406(g) (3F)
LOG P = -3048 + 4.155 (3.13)
As,0q T
(P in atm)
AS4O6

(551 - 754 K)
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Table 3.22

Selgcted Data for AS406(g)
Cp°(T) = 52.99 + 0.00191T - 1095530 (3.10)
' 2
T (cal/deg-mole)
For the formation reaction
4 As(s) + 3 02(9') = As406(g) (3H)
AG°f = -294120 - 75.26TLOGT (3.16)
+ 284.98T + 0.0358T2
+ 47770
T

(cal/mole)
(T > 298 K)
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The known gaseous species above solid A5205 are

1,67,68,70
28406 (g) 2(g)°

vapor species are reported in the literature.

and O No other arsenic oxide

3.3.2.2 Summary of data in the literature

3.3.2.2.1 Condensed phases

Solid arsenic pentoxide is reported to begin decom-

3 A N .
posing to 5406(9) and Oz(g) at temperatures in the range

573 - 673 K.1'%7

Several Russian studies have determined
the decomposition point, at which the total pressure of

and O is 1 atm. Polukarov et al.70 computed

2%4% () 2(g)
a decomposition point of 1003 K from vapor pressure measure-
ments. In an earlier thermographic study, these authors7l
reported a decomposition point in the range 1013 - 1023 K.
A heat of decomposition of 60.54 kcal/mole ASZOS(s) was
also reported by these authors.70 The selected decomposition
point was taken as 1013 * 10 K.

Only one reference sourcel reports a melting point
Since no other authors acknowledge

5(s)’
the existence of a liquid A5205 phase, and Polukarov et al.7o

near 573 K for Aszo

measured vapor pressures of solid A5205 up to 1013 K, it
will be assumed that the oxide melts at a temperature
above 1013 K.

The only published heat capacity measurements on

AszoS(s) were made by Anderson16 in the range 64 - 296 K.
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The following thermodynamic constants were reported:

Cp°298 27.85 cal/deg-mole

se° 25.2 £ 0.4 cal/deg-mole

298

DePassille56 determined a heat of formation of

As,O at 298 K of -218.6 kcal/mole As,0 from

2°5(s)
bomb calorimetry experiments.

5(s)

3.3.2.2.2 Vapor species

The data on As4o have been reviewed in the

6(g)
corresponding section on arsenic trioxides.

3.3.2.2.3 Volatilization studies

Only one vapor pressure equation has been published

for the decomposition reaction

= 1/2 As + (31)

As705(s) 1%(q) * %2(q)

0

Polukarov et al.7 reported the following equation from

their static dew point measurements of the vapor pressure

above ASZOS(S)

- — 10127

As406 T

LOG P + 9.619 (3.17)

(PAS o, in atm)

476
(810 - 1013 K)
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3.3.2.3 Treatment of data

3.3.2.3.1 Condensed phases

The heat capacity estimation technique for solids given
by Kubaschewski and Alcock65 (see Appendix 3.D) cannot be
used forvAszos(s) because the absolute melting point is not
available. ihérefore, in the absence of high temperature

measurements, the heat capacity is assumed to be constant.
Cp°® (T) = Cp°298 = 27.85 cal/deg-mole (3.18)

Values for the free energy of formation of Aszos(s) from
As(s) and 02(g) werevcalculated using the formulae in

Appendix 3.A, and regressed to give the following egquation.

2 As(s) + 5/2 02(g) = ASZOS(S) (3J)
AG°f (ASZOS(S)) = - 217500 + 7.79TLOGT + 91.37 T (3.19)
(cal/mole)
(T > 298 K)

3.3.2.3.2 Vapor species

The thermodynamic functions for AS406 (g) are given in

Appendix 3.E.
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3.3.2.3.3 Volatilization studies

Since Polukarov et al.70 published only a vapor

pressure equation, their data could not be subjected to

second and third law analyses.

3.3.2.4 Selection and confidence of data

3.3.2.4.1 Condensed phases

The free energy of formation values for ASZOS(S)
calculated in this study are compared with Elliott and
Gleiser's66 published values in Table 3.23. The values
are in good agreement. Although the same data for ASZOS(S)
was used in this study and Elliott and Gleiser's work, the
Cp° (T) equations for As(s) used in the AG°f calculations
were different. A three term heat capacity equation for
As(s) was used in this study, whereas a two term equation
was used by Elliott and Gleiser. The additional l/T2
term in the three term equation accounts for observed
curvature in the Cp°® - T relationship at lower temperatures
above 298 K. This curvature is not represented in the
two term equation for As(s) used by Elliott and Gleiser.
Based upon this reasoning, it is believed that the AG® ¢

values for ASZOS(S) calculated by this study are more

accurate than those given by Elliott and Gleiser.
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Table 3.23
Free Energies of Formation
of Asz°5(s)
Temperature aAG°f (cal/mole)
This Study Elliott and Gleiser
400 -172840 -173000
500 -161300 ~161500
600 -149690 ~150000
700 ~138030 ~138500
800 » -126310 : ~127000
a

formation from As(s) and 02(g)

b * 5000 cal/mole on AG°f values

88
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As a further check on the AG°f (ASZOS(S)) equation

89

derived in this study, the decomposition point was computed

in the following manner using Eqns. 3.16 and 3.19.

» = +
Aszos(s) 1/2 AS4O6(g) O2(g)
o = o ;
AG 31 1/2 AG £ (AS406(g)) (Egqn. 3.16)
o
+ MO2(g))
- ° 3
AG £ (Aszos(s)) (Egqn. 3.19)
AG°3I = 70440 - 45.42TLOGT + 51.12T
+ 0.0179T% + 23885/T
(cal/mole)
. 1/2
=] = - -
AG 31 RT 13 (PAs406 POZ)
(a = 1)
A5205
from equation 371, PO2 = 2 PAS4O6
at the decomposition point, P, = PO2 + PAs4o6 = 1 atm.
Therefore, PT = 2 PAS406 + PAs4O6 = 1 atm
P = PT = 1/3 atm
AS406 3

P02 = 2/3 atm

(31)

(3.20)
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Substituting into the above equation for

AG°3I

AG®,. = - RT IN ((1/3)% 2/3) (3.21)

at the decomposition point

Equation 3.20 is used to solve for AG°3I in equation
3.21. The decomposition point, calculated from

eguation 3.21, is .973.8 K.

The computed decomposition point of 973.8 K is in
fair agreement with the selected value of 1013 + 10 K.
The difference probably resulted from the estimated heat
capacity equation for ASZOS(S) used to derive the AG°.

(Aszos(s)) equation.

3.3.2.4.2 Vapor species

A discussion of AS406(g) data can be found in the

corresponding section on arsenic trioxides,

3.3.2.4.3 Volatilization studies

To determine the consistency of the vapor pressure

data of Polukarov et al.70 and the AG°f equations for

ASZOS(S) and AS4O6(g) derived by this study, vapor pres-
sures of AS406(g) above AS205(s) were calculated by the

following two methods.
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l. Use the vapor pressure equation reported by

Polukarov et al.

_ =10127

(0 = T *+9.619 (3.17)

LOG PAS

(P in atm)

(810 - 1013 K)

2. Use the AG®° equation (Egn. 3.19) for the

3I
reaction
= 2
ASZOS(S) 1/2 As406(g) + OZ(g) (2I)
to calculate PAs406 as follows:
1/2
] = -
AG® 41 RT LN (PA5406 Poz)
Po, = 2 Pas,o0q
- - 3/2
AG°3I = RT LN (2 PAS406 )
3/2 _ _
2 PAS4O6 = EXP ( AG°3I/RT)
p = {172 Exp (-Ag® /RT)} 2/3 (3.22)
AS406 ) 3I *

Vapor pressure results calculated by methods 1 (Egqn. 3.17)

and 2 (Eqn. 3.22) are presented in Table 3.24. The PAS406.

results by the two methods agree to within 52%. The observed

differences in the P values probably resulted from

errors in Polukarov et al.'s measured vapor pressures oOr
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Table 3.24

Vapor Pressures of

As406(g)

above As_.O

2°5(s)

Temperature | PAs406 (atm)
(K)
Method 1 (Egn. 3.19) | Method 2 (Egn. 3.22)

800 9.1 x 1074 4.4 x 1074
850 5.1 x 1073 2.8 x 1073
900 0.023 0.014
950 0.091 0.059

1000 0.31 0.21

92
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errors in the generated AG°f values for ASZOS(S)' However,
since the PAs4o6 values calculated by the two methods do
not differ by orders of magnitude, and the cause of the
observed differences is not known, it will be assumed

o .
that the AG ¢ equations for As205(s) and AS406(g) are

sufficiently accurate to give reasonable vapor pressures

above ASZOS(s)'

3.3.2.5 Summary of selected data for arsenic pentoxides

Selected thermodynamic and physical data for AsZOS(s)

are presented in Table 3.25.

3.3.3 Arsenic tetroxides‘

Arsenic tetréxide (Aszo4 or Aszo3 . Aszos) is a
mixed anhydride of arsenious and arsenic acids.67 The
heats of formation of Aszo4 from Aszo3 and Aszo5 were
measured by Britzke et al.72 Uisng these results and
estimations of the entropy and high temperature heat
contents of Aszo4, Elliott and Gleiser66 have tabulated
free energies of formation of A5204(s) as a function of
temperature.

Since Aszo4 does not occur naturally and is formed in

solution, it will not be included in the As-S-0 vapor

pressure/stability diagrams.
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Table 3.25

Selected Data for ASZOS(s)

= Cp°,, = 27.85 cal/deg~-mole (3.18)

CP°598 T

S°298 = 25.2 + 0.4 cal/deg-mole

For the formation reaction

o+ =
2 As ) + 5/2 0y ) = AS,05 (37)
AHPf’298 = -218600 cal/mole
AG°£ = -217500 + 7.79TLOGT + 91.37T (3.19)

(cal/mole)
(T > 298 K)

For the decomposition reaction

ASZOS(S) = 1/2 AS406(g) + 02(g) (31)
LOG P = =10127 + 9.619 (3.17)
As4o6 —F .
(PAS 0 in atm)

476
(810 - 1013 K)

Td = 1013 + 10K (PT = 1 atm)

AHC 4 = 60.54 kcal/mole As205(s) (PT = 1 atm)
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3.4 Arsenic Sulfides

3.4.1 Arsenic disulfides

3.4.1.1 Identification of condensed phases and gaseous

species

The molecular formulae AsS, Aszsz,.and As4s4 are all
used to represent arsenic II sulfides. This sulfide
exists naturally as the mineral realgar in low and high
temperature crystalline modifications.l The low temper-~-
ature, or o - form, has a molecular crystal structure com-
posed of cradle type As,S, molecules.73 The high temper-
ature, or B - form, first identified by Strathdee and
Pidgeon7, has an orthorhombic structure and a molecularity

74 An amorphous As,S, phase is formed by cooling

44"
7,75,76
from the melt. The molecular formula Aszs2 has

of As,S
been selected to represent arsenic II sulfide in this
study.

The vgpor spec1es As4s4(g), ASZS2(g)’ and Ass(g)

“have been identified in the vapor above Asst(s 2).77'78
14

‘.

3.4.1.2 Summary of data in the literature

3.4.1.2.1 Condensed phases

Transformation temperatures~in the range 538 -

74,79,80

553 K have been reported for the reaction
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As.,S (3K)

B8535 (a) T AS252(p)

Averaging the results of all studies, the selected trans-
formation temperature is 556 * 8 K. A heat of transformation
of 0.42 * 0.2 kcal/mole ASZSZ(a) was measured by Street

74

and Munir.

The fusion reaction

= As.S (31)

AS555 () 252 (1)

74,80 This reported
81

occurs at a temperature of 580 K.

melting point is confirmed by Johnson et al.'s high

temperature calorimetric studies on ASZSZ(B 2) " Street
4

and Munir74 report a heat of fusion of 3.0 * 0.2 kcal/mole

ASZSZ(B)'
Normal boiling points in the range 838 - 864 K have

7,80,82,83

been reported for liquid As.S,. Averaging the

272
boiling points of three studies which are in good agreement,
a normal boiling point of 842 * 4 K was selected.so’sz’83
A heat of vaporization of 0.79 £ 0.01 kcal/mole'Aszsz(z)

7,82,83

was calculated from vapor pressure data and

adopted for use in this study.

To avoid problems with standard state conversions,
it was decided that all thermodynamic formation functions
for arsenic sulfides would be based upon formation from

L] i 2
As(s) and Sz(g) Heats of formation of ASZSZ(a) at 298 K

are presented in Table 3.26. The AH°f 298 values of
14



T=-

2431

Table 3.26

Heats of Formation of As.S

s) 2(9)

272 (a)
at 298 K
a [+ X 3
AH £,298 Experimental Study
(kcal/mole) Technique
-48.1 measurement of activity Barton84
of sulfur in As-S
melts
-64.8 oxygen bomb calorimetry | Britzke et al.72
-47.3+0.8 fluorine bomb Johnson et al.8l
calorimetry
2 formation from As( and S

97
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Barton84 and Johnson et al.81 are in good agreement.

Averaging the results of these two studie581’84,

AH value of -47.7 + 1.2 kcal/mole was adopted for

o
£,298
use in this study.

Low temperature (52 - 296 K) calorimetric measurements
85

on ASZSZ(Q) by Weller and Kelley yielded the following
results:

Cp°298 = 22.5 cal/deg-mole

S°298 = 30.3 * 0.3 cal/deg-mole

Johnson et al.81 measured standard high temperature

enthalpy increments for‘ASZSZ(B) (374 - 577 K) and ASZSZ(Q)
(583 - 849 R) using drop calorimetry. No other high
temperature calorimetric studies on A5282 are reported in
the literature. Based upon measurements of the activity
of sulfur in As-S melts, Barton84 derived a free energy of

formation equation for ASZSZ(z)'

3.4.1.2.2 Vapor species

Lu and Donohue86 studied the molecular structure of

As4s4(g) above realgar using electron diffraction. The

As4s4 molecule belongs to the.c2V point group.87 Funda-

mental vibrational frequencies of the molecule were deter-

mined by Scheuermann and Ritter87 from Raman and infrared
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spectra studies. Thermodynamic functions ﬂxrAs4S4(g)
calculated from data of the works mentioned above were

published by Pashinkin and Malkova.88

3.4.1.2.3 Volatilization studies

3.4.1.2.3.1 Vapor composition

Vapor density measurements of Szarvasy and Messinger78

on Asst(z) indicate that As4s4(g) is the sole vapor
species up to 823 K, ASZSZ(g) is predominant between 1173

and 1373 K, and AsS is prevalent above 1473 K. Mass

(9)
spectrometric studies by Munir et al.77 show that the

vapor above AéZSZ(B) contains 75 - 90% As4S4(g) at 500 K.

3.4.1.2.3.2 Vapor pressure

Vapor pressure studies on ASZSZ(B) and Asst(z)

are summarized in Tables 3.27 and 3.28, respectively.

3.4.1.3 Treatment of data

3.4.1.3.1 Condensed phases

Using Johns:on.e‘tal.'s81 experimentally determined
high temperature enthalpy increments, four term (H°T-H°298)
equations were generated for ASZSZ(B) and Asst(z)'

The relationship

cpe = 9(H°p = H%3qg) (3.23)
5T p
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Table 3.27

Summary of Vapor Pressure Data on

Asst(B)
Study Temperature Experimental
Range (K) Technique
Munir et al;77 452 - 534 torsion effusion
Gospodinov ang -
Pashinkin 431 548 Knudsen
Table 3.28

Summary of Vapor Pressure Data on

“"Liquid As.,S

2°2

Study Temperature Experimental
Range (K) Technigue
Strathdee and Pidgeon7 < 873 quartz spoon gauge
Kuadzhe et al.82 663 - 838 guartz membrane
manometer
Ustyukov et al.83 663 - 838 guartz membrane

manometer

100
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was then used to derive heat capacity equations for arsenic
II sulfides. The heat capacity equations are presented in
Table 3.29. It has been assumed that the heat capacity
equation for ASZSZ(a) is identical to the equation for
_Using the procedure outlined in Appendix 3.A and
previously selected thermodynamic data, free energy of
formation equations were derived for ASZSZ(a)' Asst(B)’

and As.,S These equations are given in Table 3.29.

252(2)°
It must be pointed out that these free energy of formation
equations are not necessarily the selected equations.
Other methods for generating free energy of formation

equations for arsenic II sulfides will be considered

later in the chapter.

3.4.1.3.2 Vapor species

Thermodynamic functions forps4s4(g) were generated
using the relationships given in Appendix 3.C and the
physical constants for As4s4(g) presented in Appendix 3.F.
The derived heat capacity data for As4s4(g) were regressed

to give the eguation

Cp° = 43.48 + 0.000176T - 383990/T> (3.29)
(cal/deg-mole)
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Table 3.29

Heat Capacity and Free Energy of Formation Equations

and As,.S

For As.,.S ’ ASZSZ(B)f 252(2)

272 (a)

The following heat capacity equations were derived from

Johnson et al.'s81 data

for Asst(a,B)
Cp°® = 20.55 + 0.00831T - 48920 (3.24)
2
T (cal/deg-mole)
for Asst(z)
Cp° = 4.88 + 0.0457T - 345000 (3.25)
2

T (cal/deg-mole)

The following free energy of formation equations were

generated using the procedure outlined in Appendix 3.A

(3M)

2 As(s) + sZ(g) = Aszsz(a)
AG°f = ~-56540 - 29.43T7LOGT + 136.32T (3.26)
(cal/mole)
(298 - 556 K)
= N
2 As(s) + Sz(g) ASZSZ(B) (3N)
AG°f = =-56125 - 29.437LOGT + 135.57T (3.27)
(cal/mole)
(556 - 580 K)
= P
2 As(s) + SZ(g) Aszsz(z) (3P)
AG® . = -50390 -~ 29.43TLOGT + 127.28T (3.28)

(cal/mole)
(T > 580 K)
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3.4.1.3.3 Volatilization studies

Based on Szarvasy and Messinger's78 and Munir et al.'s77

/

observations, it will be assumed that As4s4(g) is the primary

vapor species above A5252 up to 873 K. Thus, the following

sublimation and vaporization reactions can be written

2 Aszsz(a) = As4S4(g) (298 - 556 ) (3Q)
2 BS2%2(p) T P4Paqg) (556 - 580 K) (3K
2 As.S (3s)

252(0) T 28454y (T > 580 X)

Second and third law analyses were performed on
Munir et al.'s77 and Gospodinov and Pashinkin's89 vapor
pressure data on ASZSZ(B)' Plots for the second law (IZ')
and third law analyses are presented in Figures 3.8 and 3.9,
respectively. The corresponding heats of sublimation at
298 K from each analysis are given in Table 3.30. The
plotted second and third law results of both studies are in
good agreement, although Gospodinov and Pashinkin's second
law results show distinctive grouping within three regions
on the plot. The observed discrepancy of 3 kcal/mole
between the second and average third law heats of sublima-
tion at 298 K probably results from errors in the calculated

thermodynamic functions for ASZSZ(B) and As4S4<g).
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Table 3.30

Second and Third Law Heats of

Subllmatlon for Aszsz(s)

Study Second Law Average Third Law
AH®, 4o (kcal/mole) | AH®,oo (kcal/mole)

Munir et al.
Gospodinov and

Pashinkin®89 30.6 33.4
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Second law (Z') and third law analyses were performed

82 83 published

on Kuadzhe et al.'s and Ustyukov et al.'s
vaporization data on Asst(z)' Corresponding plots are
presented in Figures 3.10 and 3.1l1l; second and average
third law heats of sublimation at 298 K are given in

Table 3.31. Since the actual vapor pressure data of
Kuadzhe et al. and Ustyukov et al. are identical; it

is very likely that these authors published results of

the same study in two different journals. Thus, it was
impossible to distinguish between the second and third

law results obtained from Kuadzhe et al.'s and Ustyukov

et al.'s data. The 4.2 kcal/mole difference in the second
and average third law heats of vaporization was probably
caused by errors in the thermodynamic functions for
ASZSZ(R) and As4s4(g) used in the analyses.

Free energy of sublimation and vaporization equations
for A5282 were derived directly from experimental vapor
pressure data rather than from second law analyses to
eliminate the effects of errors in the thermodynamic func-
tions of As,S, 4+ A5252£2)’ and As;S, .y A plot of LOG K
versus 1/T for Munir et al.'s77 data on ASZSZ(B) sublimation

and Kuadzhe et al.'382'83

data on Aszsz(g) vaporization is
presented in Figure 3.12. 1If least squares lines are
drawn through each set of data, the two lines intersect at

a temperature of 692 K. This intersection point, which.
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Table 3.31

Second and Third Law Heats of

Vaporization for ASZSZ(z)
Study Second Law Third Law
[} ; . y Q
AH 298 tkcal/mole) | AH 298 (kcal/mole)
82
Kuadzhe et al. 28.8 33.0
Ustyukov et al.S> 28.9 33.0
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Figure 3.12
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Temperature dependence of the
equilibrium constant for the
reactions 2 ASZSZ(B,Q):=AS4S4(g)
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represents the melting point of ASZSZ(B)’ is in poor
agreemenﬁ with the previously selected melting point of
580 K. In order to define vapor pressure equations which
are consistent with the independently established melting
point of 580 K, the best possible lines were drawn through
the sublimation and vaporization data to force an inter-
section point near 580 K (see Figure 3.12). The resulting
vapor pressure equations and melting point are given in
Table 3.32. The corresponding free energy of sublimation

and vaporization equations are also presented in Table 3.32.

3.4.1.4 Selection and confidence of data

3.4.1.4.1 Condensed phases

The following two procedures may be used to derive a

free energy of formation equation for Aszsz(s):

1. Use the procedure outlined in Appendix 3.A and

the previously selected data and equations

Cp°(T) equation for ASZSZ(u) and ASZSZ(B)

o]
S T AH er for As.S

<]
298" “tr' 252 ()
Cp°(T) equations and 50298 values

AH® g 5gg7

selected65

for As(s) and SZ(g)

Regression of the computed AG°f values yields

the equation given below
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Table 3.32

113

Vapor Pressure and Free Energy Equations For

Sublimation and Vaporization of Arsenic II Sulfides

For the sublimation reaction

LOG P = -7676 + 11.07
As,85, T
o =, -
AG 3R = 50.65T + 35120

For the vaporization reaction

2 ASZSZ(Z) = AS4S4(g)
ILOG P = -4133 + 4.937
AsyS,  Two
o = -
AG 3s 22.59T + 18910

Calculated Tm = 578 K

(3R)
{(3.30)
(P in atm)
As4S4
(452 - 534 K)
(3.31)
(cal/mole)
(452 ~ 534 K)
(3s)
(3.32)
(P in atm)
As4S4
(662 - 838 K)
(3.33)
(cal/mole)
(662 - 838 K)
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2 As(sj + SZ(g) = ASZSZ(B) (3N)
AG°f (Aszsz(s)) - 56125 - 29.43TLOGT
+135.57T (3.27)

(cal/mole)
(556 - 580 K)

2. Use LOG K data for the sublimation and vapori-

zation reactions and the AG°f equation for

ASZSZ(Z) in the following scheme
AG°f (Aszsz(g)) (Egqn. 3.28)
|
2 Aszsz(z) =2As4s4(g) (38)
AG°3S (Egnr 3.33)

!

AG°f (As4s4(g)) equation
N
2 AsZSZ(B) AS4S4(g) (3R)
AG°3R (Eqn. 3.31)

AG°g (BS,5, (gy)

<
-«

equation (Egn. 3.34)
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From this scheme:

+ =
2 As(s) SZ(g) ASZSZ(B) (3N)
Q - -
AG £ (ASZSZ(B)) 58495 29.43TLOGT + 141.31T (3.34)
(cal/mole)
(556 - 580 K)
The AG°f equation for Aszsz(a) is calculated from the

AG°f equation for ASZSZ(B) by using the following procedure.

Since there are no reported heat capacity

data for Aszs it is assumed that the

2(a)’
heat capacity equations for Asst(a) and

As.S are identical.

272(8)

Thus, at any temperature,

AG® (3.35)

AG°f (Aszs = AG°f (ASZSZ(B)) - fr

2 ()

. o = o - L o
where: AG er AH er T‘tr AS er

From the above analysis, it is seen that the AG°. (Asst(a))

equation is dependent upon the AG°f (ASZSZ(B)) equation.

Since the AG°f (As )) equation can be derived by either

2528
of the two methods outlined above, two derivations of the

AG°f (ASZSZ(a)) equation are possible:
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1. Using the'AG°f.(A5232(8)) equation obtained by
method 1 (Eqn,‘3.27), the following AG°f

(ASZSZ(Q)) equation results

+ -
2 As(s) SZ(g) ASZSZ(a) (3M)
AG°f (Aszsz(a)) -~ 56540 - 29.43TLOGT (3.26)
+136.32T (cal/mole)

(298 - 556 K)

2. Using the AG°f (ASZSZ(B)) equation obtained by
method 2 (Egn. 3.34), the following-AG°f

(ASZSZ(a)) equation is generated

AG°f (Aszsz(a)) - 58910 - 29.43TLOGT (3.36)

+ 142.06T (cal/mole)
(298 - 556 K)

It must be emphasized that if method 1 is used to derive
the AG°f (ASZSZ(B)) equation, then method 1 (above) must
also be used for generation of the AG°, (ASZSZ(a))
equation. Similarly, if method 2 is used for the AG°f

(As ) equation, then method 2 (above) must be used to

252(8)
. o .

obtain the AG £ (ASZSZ(a)) equation.

The free energy of formation equation for ASZSZ(l)

may be generated by either of the following two methods
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1. Use the procedure outlined in Appendix 3.A and

the previously selected data and equations

o 3 .
Cp°(T) equations for ASZSZ(a)' ASZSZ(B)’

and ASZSZ(Q)

Q
AH S tr! and AH tr for Aszsz(a)

o (-]
£,2987 S°9g T

AH°m, Tm for ASZSZ(B)

selected65 Cp°(T) equations and 50298 values

for As(s) and SZ(g)

Regression of the computedAG°f values yields

the following eguation

2 As(s) + SZ(g) = Aszsz(l) (3P)
AG°f (Aszsz(z)) - 50390 - 29.43TLOGT
+127.28T (3.28)
(cal/mole)
(T > 580 K)

2. Use LOG K data for the sublimation and vaporiza-
tion reactions and the AG°f equation for

ASZSZ(B) in the follow1ng scheme
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AG® . (As ) (Egqn. 3.27)

£ (BS;35; ()

l

2 Bs,y8)(g) T BSyS,(g) (3R

(Egqn. 3.31)
l

AG°f (As4S4(g)) equation

AG

o
3R

2 ASZSZ(R) = AS4S4(g) (38)

AG°3S (Egn. 3.33)
AG°f (ASZSZ(Q)) equation
(Egqn. 3.37)
From this scheme:
+ =
2 As(s) SZ(g) ASZSZ(Q) (3P)
AG°f (ASZSZ(R)) = =42620 - 9.85TLOGT + 61.38T (3.37)
(cal/mole)
(T > 580 K)

Values for the free energies of formation of

ASZSZ(u)’ ASZSZ(B)' and ASZSZ(Q) computed by methods 1

and 2 for each phase are compared in Tables 3.33, 3.34, and
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Table 3.33

Free Energies of Formation of Asst(a)

Temperature aAG°f (cal/mole)
(X) -
Method 1 FU% | Method 2 P | FTOM g4
300 -37515 -38160 -35800
400 -32640 -32720. -31700
500 - =28095 ~-27600 -27600
556 -25660 -24840 -25300
"

formation from As(s) and SZ(g)

Table 3.34

Free Energies of Formation of ASZSZ(B)

Temperature aAG°
(K)

£ (cal/mole)

Method 1 (Egqn. 3.27) Method 2 (Egn. 3.34)

556 -25670 -24840
560 -25500 -24650
570 -25080 -24180

580 -24660 -23700

a .
formation from As(s) and SZ(g)
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3.35. Free energy of formation values for Asst(a)
calculated from Barton's84 published equation are also

presented in Table 3.33. The AG°_. values calculated by

£
methods 1 and 2 for each condensed phase agree to within the

experimental error of * 800 cal/mole on Johnson et al.’s81

AH ) value which was used in all the AG®°

°£,298 (BS355 (4 £

equation generations for arsenic II sulfides. The AG°f
(ASZSZ(a)) values of Barton are in fair agreement with the
values calculated by methods 1 and 2 in this study.

Since the AG°_. values for the arsenic II sulfides

£
calculated by methods 1 and 2 are seen to be in good

agreement, some further tests were made to determine

which AG°_. equations would be selected for use in con-

f
structing the vapor pressure/stability diagrams. It
was decided that the most important criterion in selecting

the AG° equations was to fix the vapor pressure above the

£
solid and liquid phases by experimental data. In order to
accomplish this, one of the following two schemes must be

used

A. Use method 1 to generate the AG°f equation for

ASZSZ(B) (and ASZSZ(G))

Use method 2 to derive the AG°f equation for

Aszsz(g)
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Table 3.35

Free Energies of Formation

of As,S8; (y)
Temperature a
AG°f (cal/mole)
(K)
Method 1 (Egn. 3.28) |Method 2 (Egn. 3.37)|

600 -23080 -22210
700 -19910 ~19270
800 -16920 -16390
900 -14090 -13570

a .
formation from As(s) and SZ(g)
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B. Use method 2 to generate the AG°f,equation

for As.S (and Aas )

252(8) 252 (a)
Use method 1 to derive the AG°f equation for

ASZSZ(Q)

To determine which method (A or B) yields the most
accurate AG°f equations, condensed phase stability diagrams
for the As-S-0 system were constructed using previously

selected AG°_. equations for the arsenic oxide phases,

£
several possible AG°f equations for the arsenic trisulfide
phase (see next section of chapter), and AG°f equations
fér the arsenic II sulfides by methods A and B. When

the AG°f (ASZSZ(Q)) equation derived by scheme A (method 2)
was used, the Asst(z) phase field disappeared from the
stability diagrams at temperatures greater than 630 K.
However, the Aszsz(z) phase field remained on the
stability diagrams at all temperatures above the melting
point (580 K) when the AG°f (Asst(l)) equation obtained
by scheme B (method 1) was used. Since Johnson et a1.8l
established the stability of liguid As,S, by measuring
its heat capacity up to 849 K, it was necessary to
select scheme B (method 1) to derive the AG°f (ASZSZ(Q))
equation.

Thus, the following AG°f equations were selected for

the arsenic II sulfides (by method A):
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for ASZSZ(a):

for ASZSZ(B): Egn. 3.34

Egqn. 3.36

for Aszsz(z): Egn. 3.28

The adopted AG°f equations for ASZSZ(B) (Egqn. 3.34)

and Aszsz(z) (Eqn. 3.28) were checked by calculating the

melting point of As using these equations. At

252 ()
the melting point (Tm):

Aszsz(s) = Aszsz(“ (31)

AG® = AG® (ASZSZ(L)) (Egqn. 3.29) -

3L £
AG°f (ASZSZ(B)) (Eqn. 3.36)
(a = a = 1)
ASZSZ(S) Aszsz(l)
T=T = 578 K at AG°3L =0 (K = 1)

The computed melting point of 578 K is in good agreement
with the previously selected independent melting point

of 580 K.

3.4.1.4.2 Vapor species

The AG®°_. equation for As4s4(g) was derived using the

£

following scheme:
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AG°f (As (Egn. 3.28)

!

2 Aszszcz) = As4s4(g)

2520y

(38)

AG® (Egqn. 3.33)

3s

AG°f (As4s4(g)) equation

>
Cd

(Egn. 3.38)
The resulting equation is:
+ = '
4 As ) 2 s, (g) As4s4(g) (3T)
AG° ¢ (As4s4(g)) = -81870 - 58.86TLOGT + 231.97T (3.38)
(cal/mole)
(T > 298 K)

The normal boiling point (Tb) was computed as follows:

= ° C -
AG°3S (Egqn. 3.33) AG £ (As4s4(g)) (Egn. 3.38)
2 AG°f (Aszsz(l)) (Egqn. 3.28)
T =T, = 837 K at AG°3S-= 0 (PAS4S4 = 1 atm)

The calculated normal boiling point is in fairly good

agreement with the previously selected independent boiling

point of 842 * 4 K.



T-2431 125

Thermodynamic functions for As4s4(g) calculated from
statistical thermodynamics using the physical constants
presented in Appendix 3.F are compared with Pashinkin and
Malkova’s88 published values in Table 3.36. The values
are in good agreement. Since the same molecular constants
and fundamental vibrational frequency data were used in
this study and Pashinkin and Malkova's work, this indi-
cates that the procedure used in this study to derive the

thermodynamic functions is correct.

3.4.1.4.3 Volatilization studies

The normal boiling point of Asst(l) calculated from
vaporization data has been examined in the previous
section on vapor species. As discussed in the preceding
section on the treatment of vaporization data, vapor
pressure equations were derived to best fit published vapor
pressure data on sublimation and vaporization and fix the
melting point at the selected value. No inconsistencies
were found in the treatment or selection of the sublimation

and vaporization data.

3.4.1.5 summary of selected data for arsenic disulfides

Selected thermodynamic and physical data for ASZSZ(Q)'

ASZSZ(B)’ and ASZSZ(R) are presented in Tables 3.37 - ?.39.

The data adopted for As4s4(g) are given in Table 3.40.
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Table 3.36

Thermodynamic functions for As4S4(g)

This Study Pashinkin and Malkova88

(G° - Ho ) (Go — Ho )

T Ccp® T 298 Cp® T 298

(K) . T T

(cal/deg~mole)| (cal/deg-mole) | (cal/deg-mole) | (cal/deg-mole)
298 39.2 108.2 39.2 107.9
400 41.1 109.8 41.1 109.5
500 42.0 112.8 42.0 112.5
600 42.5 116.2 42.5 115.9




T-2431 127

Table 3.37

Selected Data for Aszsz(a)

Cp°(T) = 20.55 + 0.00831T - 48920 (3.24)

T2
(cal/deg-mole)

se. = 30.3 + 0.3 cal/deg-mole

298

For the transformation reaction

Aszsz(a) = ASZSZ(B) (3K)

AH®, = 0.42 * 0.20 kcal/mole

For the formation reaction

+ = :
2 As(s) SZ(g) ASZSZ(a) (3M)
AHof,298 = -47.7 £ 1.2 kcal/mole
AG°f = -58910 - 29.43TLOGT + 142.06T (3.36)

(cal/mole)
(298 - 556 K)
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Table 3.38

Selected Data for Aszsz(e)

Cp°(T) = 20.55 + 0.00831T - 48920 (3.24)

T2

(cal/deg-mole)

For the fusion reaction

Asst(B) = Asst(z) (3L)

Tm = 580 K

AH°m = 3.0 £ 0.2 kcal/mole

For the formation reaction

2 As + S = As,S (3N)

(s) 2(9) 272(B)

AG°f = -58495 - 29.43TLOGT + 141.31T (3.34)

(cal/mole)
(556 - 580 K)

For the sublimation reaction

2 ASZSZ(B) = AS4S4(g) (3R)
LOG P _ -=-7676 + 11.07 (3.30)
AS4S4 = 5
(P in atm)
As4S4

(452 - 534 K)
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Table 3.39

Selected Data for As,S

2°2(2)
Cp°(T) = 4.88 + 0.0457T - 345000 (3.25)
2
T (cal/deg-mole)
Ty = 842 * 4 K
AHovap = 0.79 + 0.01 kcal/mole ASZSZ(Q)
For the formation reaction
2 Bs () *+ Sy(q) = BS,y8;(y, (3P)
AG°f = =50390 - 29.43TLOGT + 127.28T (3.28)
(cal/mole)
(T > 580 K)
For the vaporization reaction
2 ASZSZ(Q) = AS4S4(g) (38)
LOG P = -4133 + 4.937 (3.32)
As,S, T
(P, in atm)
As4S4

(662 - 838 K)
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Table 3.40

Selected Data for As4S4(g)

Cp°(T) = 43.48 + 0.000176T - 383990
2
T (cal/deg-mole)
For the formation reaction
+ =
4 As(s) 2 SZ(g) As4s4(g)
AG°f = -818.70- 58.86TLOGT + 231.97T

{(cal/mole)
(T > 298 K)

130

(3.29)

(3T)

(3.38)
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3.4.2 Arsenic trisulfides

3.4.2.1 1Identification of condensed phases and gaseous

species

The molecular formulae Aszs3 and As4S6 are used
to represent arsenic trisulfide, also referred to as
arsenous sulfide and arsenic (III) sulfide. The compound
occurs naturally as the mineral orpiment and has a mono-
clinic structure.f90 A high temperature crystalline
modification of Aszs3 was identified by Kirkinskii et al.91
These authors believe that the structure of the high
temperature form is nearly'identical to that of the low
temperature form, and the transformation results from
electron transfer rather than a change in crystal structure.
Other authorsl have suggested that the high temperature
modification may be formed only in the presence of impur-
ities. In this study, it will be assumed that solid
Aszs3 exists only in the common monoclinic form. Arsenic
trisulfide forms a glassy phase readily upon cooling of
the melt.91
A number of different vapor species have been ob-

served above As,S . The selection of a primary
273 (s, )

vapor species will be discussed shortly.
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3.4.2.2 Summary of data in the literature

3.4.2.2.1 Condensed phases

Melting points in the range 573 - 588 k80,9193 1. ve

been reported for crystalline Aszs3. Averaging the results

91-93

of three studies which are in good agreement, a

melting point of 584 * 4 K was selected. Heats of fusion

92
of 6.85 + 0.30 kcal/mole Aszs3(s)
91

ASZS3(s) have been measured. Because the arsenic tri-
91

sulfide used in Kirkinskii et al.'s

and 4.54 kcal/mole

experiments may have
been impurel, their value for the heat of fusion of

was not adopted for use in this study. The value of
92

AsZS3

6.85 £ 0.30 kcal/mole As ) given by Myers and Felty

253 (s
was taken as the selected heat of fusion.

83,94 has been deter-

A normal boiling point of 985 K
mined from vapor pressure studies on ASZSB(Q)' The corres-
ponding heat of vaporization calculated from the vapor
pressure results is 19.7 kca;/mole Aszs3(£).83'94

In this study, all reported thermodynamic formation
functions of arsenic sulfides are based upon formation from

Heats of formation Of'ASZS3(s) at 298 K

As(s) and SZ(g)'
are presented in Table 3.41. The AH°f 298 values reported
14
84 81

by Barton and Johnson et al. are in excellent agreement.
An average value of -68.5 # 1.1 kcal/mole calculated from
Barton's and Johnson et al.'s values was chosen for use in

this work.
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Table 3.41
Heats of Formation of Aszs3(s)‘at 298 K
a0 . -
AH £,298 Experimental Study
(kcal/mole) Technique
-69.0 measurement of activity Barton84
' of sulfur in As-S
melts
-86.1 oxygen bomb calorimetry Britzke et al.72
-68.0+1.1 . fluorine bomb Johnson et al.81
calorimetry
a . . _
formation from As(s) and SZ(g)

133
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Low temperature (65 - 300 K) calorimetric studies by
Romanovskii and Tarasov95 gave the following results for

ASZS3(S):

Cp°298 = 27.8 cal/deg-mole’

S°298 39.lkcal/deg—mole

High temperature enthalpy increments for A5233(z)
were determined by Johnson. et al.81 using drop calorimetry.
No high temperature calorimetric studies on ASZS3(s) are
reported in the literature. Barton84 published a free

energy of formation equation for Aszs3(s) based upon

activity measurements of sulfur in As-S melts.

3.4.2.2.2 Vapor species

The two major proposed primary vapor species above

96 86,97
Aszs3 are Ass(g) and As486(g) . The parameters

required for calculation of the  thermodynamic functions

for Ass(g) using statistical thermodynamic formulae were
reported by Barrow and Cousins98 and Simauchigg. The
structure of As,S has been studied by Lu and Donohue86

476(qg)
using electron diffraction. Fundamental vibrational fre-

quency studies of the wvapor above Aszs3 by Scheuermann and

87

Ritter are not complete.
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3.4.2.2.3 Volatilization studies

3.4.2.2.3.1 Vapor composition

Using mass spectrometry, Faure96 concluded that Ass(g)

is the primary arsenic containing vapor species above
le; 280 C

Bs,S; g, 3t 488 - 553 K. Pashinkin et al.'®% found that
AS%S3(S? vaporizes to give Asnsn (n = 1-4) molecules at
2z¢ - 311 ¢

495 - 584 K from mass spectrometric studies. The primary
vapor species above amorphous ASZS3(s)' as determined by

97 vo - Hoo C

mass speétrometric studies of Janai et al. at 333 - 673 K,

is As,S Non~equilibrium laser mass spectrometric

46 (9)°
measurements by Ban and Knox62 revealed that the vapor
above Aszs3 contains As3Sn (n = 1-4) molecules. From
electron diffraction studies of the vapor above Aszs3(s),
Lu and Donohue86 concluded that the vapor contains
As4s6 molecules which have the AS406(g) structure.

3.4.2.2.3.2 Vapor pressure

Vapor pressure studies on As283(s> and Aszs3(£)

are summarized in Tables 3.42 and 3.43, respectively.

3.4.2.3 Treatment of data

3.4.2.3.1 Condensed phases

The following heat capacity equation for ASZSB(S) was

estimated using Kubaschewski and Alcock‘s65 method (see
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Table 3.42

Summary of Vapor Pressure Data on Aszs3(s)

Study Temperature Experimental Proposed
Range (K) Technique Primary
Vapor Species
96
Faure 497 - 569 Knudsen AsS, S2
effusion
Gospodinov and Knudsen
PashinkinlO0l | 476 - 536 effusion | As,S,
Hsiao and 155 | 453 - 584 weight loss --
Schlechten
Table 3.43
Summary of Vapor Pressure Data on Aszs3(z)
Study Temperatﬁre Experimental Proposed
Range (K) Technique Primary
Vapor Species
Isakova and static
Nesterovl03 623 813 method ASZSB
a
Kuadzhe _ quartz
et al.l04 723 - 280 membrane AS,Sq
a manometer
UZEY2§O¥3 727 - 966 quartz As_S
) membrane 273
manometer
Hsiao and .
Schlechte&ﬁz 584 603 weight loss
a

data presented in two studies are identical
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Appendix 3.D) and selected Cp°298 and melting point data:

Cp‘?298 = 29.09 + 0.0148 - T - SOOOOO/T2 (3.39)

(cal/deg-mole)

] - o
A four term (H T H 298

obtained by regression of Johnson et al.'s

) equation for As was

253(2)

81 high temper-

ature enthalpy increment measurements. Using the relation-~

ship

{136 - 1o
coo = LB = H'h9g) ) (3.23)
P o .

-l

the following heat capacity equation for Aszs3(z) was

derived:

Cp°® = 44.25 - 0.0221T - 3.22 x 10°/72 (3.40)

(cal/deg-mole)

The free energy of formation equations generated by using
previously selected thermodynamic data and the procedure
outlined in Appendix 3.A are presented in Table 3.44. It
must be pointed out that these are not necessarily the
adopted AG°f equations. Other methods for generating

AG°_ equations for ASZS3(S) and As,S will be discussed

£ 273(%)

later in the chapter.



T-2431

138
Table 3.44
Free Energy of Formation Equations
For ASZS3(S) and Aszs3(2)
The following free energy of formation equations
were generated using the procedure outlined in
Appendix 3.A
+ = A
2 As(s) 3/2 SZ(g) Aszs3(s) (30)
AG°f = -66065 + 10.59TLOGT + 25.45T (3.41)
(cal/mole)
(298 - 584 K)
+ =
2 As(s) 3/2 SZ(g) Aszs3(2) (3V)
AG°f = -56040 + 10.59TLOGT + 8.68T (3.42)

(cal/mole)
(T > 584 K)
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3.4.2.3.2 Vapor species

As a result of the differing conclusions in the
literature concerning the primary vapor specieS-above'Aszs3,
thermodynamic functions: for the proposed species were not
calculated. This point will be discussed further in the

remainder of this section.

3.4.2.3.3 Volatilization studies

The proposed volatilization reactions for ASZS3(S 2)
- 7

are:

= 2 Ass(g) + 1/2 SZ(g) (3wW):

Asy53(s,0)

2 AS2SB(s,2) = As486(g) (3X)

Each published set of vapor pressﬁre data was manipulated
to give LOG K data for both possible reactions. Plots of
LOG K versus 1/T for volatilization reactions 3W and 3X
.are presented in Figures 3.13 and 3.14, respectively.

The most important observation is that when As486(g)
is taken as the primary vapor species, the vaporization

83,94 and Isakova and Nesterov103

data of Kuadzhe et al.
come together on the same straight line (see Figure 3.14).
The data of these two investigations do not lie along the
same straight line when Ass(g) is taken as the primary As-

containing vapor species above ASZSB(Q) (see Figure 3.13).
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The melting point of As,S3 4y which is defined by
the intersection point of the sublimation and vaporization
LOG K versus 1/T curves, was also used to evaluate the
two proposed volatilization reactions. As can be seen
from Figures 3.13 and 3.14, the calculated melting point of
Aszs3 which is in best agreement with the establishing
melting point of 584 K is found by the intersection of
Gospodinov and Pashinkin‘svsublimationadata and

Kuadzhe et al.'s and Isakova and Nesterov's vaporization

data based on the reaction

2 ASZS3(S,2) = As486(g) (3X)

(see Figure 3.14). When the reaction

Aszs3(s’2) = 2 Ass(g) + 1/2 SZ(g) (3W)

is assumed, the calculated melting points of Aszs3(s)

are considerably higher or lower than the establishing

melting point of 584 K (see Figure 3.13).

<#n addition to the agruments presented above which
- . .._;w-/”""—&'m

———— e e
s e e

e

support the selection of AS4SG(g) as the primary vapor

species above As,S3 (g 2)>the following observations by
4

Janai et al.97 should be considered. These authors
believe that Faure's mass spectrometric work, which led
to the assignment of Ass(g),as the primary vapor species

above Aszs3(s), had several serious flows. First, the
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Knudsen method applied by Faure allows for molecular
collisions and, therefore, thermal fragmentation before
ionization. Second, the constant magnetic field and
varying accelerating voltage conditions of Faure's mass
spectrometric experiments result in enhanced time for
fragmentation of heavy ions and a higher relative abun-
dance of lighter ions in the spectrum.

As a further test of the wvalidity of the volatili-

zation reaction

= 2 AsS + 1/2 s (3w)

BsS553(s,2) (g) 2(g)

second and third law thermodynamic analyses were per-

formed on all vaporization data, using calculated

(G°p = H%,49g)
T
S2(g) "

sublimation and vaporization obtained from the analyses

functions for Aszs3(s'2), Ass(g) and

The second and average third law heats of

are presented in Tables 3.45 and 3.46. The second and
third law heats differed by 13.0 - 16.6 kcal/mole
Aszs3(s),for the sublimation data and 28.4 - 33.7 kcal/mole
Aszs3(2) for the vaporization data. The thermodynamic
functions used in the analyses are based upon reliable
thermodynamic and physical data, and are too accurate to
produce these large differences in the second and average

third law heats. Therefore, it appears more likely
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Table 3.45

Second and Third Law Heats of

Sublimation for Aszs3(s).Assum1ng

The Reaction As.S

253(s) = 2 B85(q) * /2 Sy(q)

Study Second Law Average Third Law
o o
AH 298 (kcal/mole) AH 298 (kcal/mole)
Faure96 103.1 86.5
Gospodinov and
PashinkinlOl 94.6 8l.6
Table 3.46

Second and Third Law Heats of

Vaporization for Aszs3(£) Assuming

. _ +
The Reaction Aszs3(£) 2 Ass(g) 1/2 Sz(g)
Study Second Law Average Third Law
[ . [e]
AH 298 (kcal/mole) AH 2938 (kcal/mole)
83
Kuadzhe et al. 48.9 82.6
Isakova an
Nesterov§03 43.6 72.0
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that reaction 3W is not the correct primary volatilization
reaction. Unfortunately, the lack of data in the liter-
ature required to calculate thermodynamic functions of
As486<g) prevented the performance of second and third

law analyses on data for the volatilization reaction

2 As (3X)

253(s,2) = 25456 (q)

However, based on the good correlation of Kuadzhe et al.'s
and Isakova and Nesterov's LOG K data when As486(g) is
taken as the primary vapor species (see Figure 3.14),
Janai et al.'s observations regarding Faure's experi-
ments, and the poor second and third law correlations for
reaction 3W, it will be assumed that reaction 3X is the
primary volatilization reaction, and As456(g) is the
primary vapor species above ASZS3(S,2)'

Best fit lines were drawn through Gospodinov -and
Pashinkin's solid data and the combined liquid data of
Kuadzhe et al. and Isakova and Nesterov in Figure 3.14
to force an intersection (melting) point near 584 K.

The resulting vapor pressure equations and melting
point are given in Table 3.47. The corresponding free

energy equations are also presented in Table 3.47.
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Table 3.47

Vapor Pressure and Free Energy Equations For

146

Sublimation and Vaporization of Arsenic Trisulfides

For the sublimation reaction

2 As,S = As,S

273 (s) 476 (qg)
LOG P = -8245 + 11.31
As,Sg T
AG®,, = =51.75T + 37720

For the vaporization reaction

2 Bs,S3p) = AS,Sq (4
LOG P = -4059 + 4.131
AsSg g
AG®,, = -18.90T + 18570

Calculated Tm = 583 K

(P in
AS4S6
(476 - 536

(cal/mole)
(476 - 536

(P in
AS4S6

(623 - 980

(cal/mole)
(623 - 980

(3Y)

(3.43)
atm)
K)

(3.44)
K)

(32)

(3.45)
atm)
K)

(3.46)
K)
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3.4.2.4 Selection and confidence of data

3.4.2.4.1 Condensed phases

The following two methods may be used to generate

a free energy of formation equation for Aszs3(s):

1. Use the procedure outlined in Appendix 3.A

and the previously selected data and equations

Cp°(T) equation for Aszs3(s)
. _
AH°f’298 and S°,44 for ASZS3(S)

65

selected Cp°(T) equations and S°298

values for As(s) and Sz(g)

Regression of the computed AG® ¢ values yields

the equation given below

2 As(s) + 3/2 SZ(g) = ASZS3(S) (30)
AG°f (ASZS3(S)) = -66065 + 10.59TLOGT
+25.45T (3.41)

(cal/mole)
(298 - 584 K)
2. Use LOG K data for the sublimation and vapori-
zation reactions and the AG°f equation for
in the following scheme ’

ASZS3(Z)
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AG°f (Aszs3(2)) _(Eqn. 3.42)

2 Aszs3(2) = AS4SG(g) (32)

AG® (Eqn. 3.46)

]

AG°f (As486(g)) equation

32

2 As (3Y)

253(s) = 25456 (q)

AG® (Egqn. 3.44)

3y

AG°f (As ) equation

&
<

283(5)

(Egn. 3.47)

From this scheme

2 As(s) + 3/2 SZ(g) = ASZS3(S) (3U)

AG°_ (As - 65615 + 10.59TLOGT + 25.11T (3.47)

g (BS;854))
(cal/mole)

(298 - 584 K)

The free energy of formation equation for Aszs3(2)

may be generated by either of the following two methods
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1. Use the procedure outlined in Appendix 3.A

and the previously selected data and equations

o s
Cp°(T) equations forkAszs3(s) and Aszs3(2)

AH°f’298, S°298' Tm’ and AH°m for Aszs3(s)

selected65 Cp°(T) equations and S° values

298
for As(s) and SZ(g)

Regression of the computed AG®_ values yields

£
the following equation
2 As(s) + 3/2 SZ(g) = Aszs3(£) (3V)
AG° ¢ (Aszs3(2)) - 56040 + 10.59TLOGT
+ 8.68T (3.42)
(cal/mole)
(T > 584 K)

2. Use LOG K data for the sublimation and vaporiz-

ation reactions and the AGPf equation for ASZS3(S)

in the following scheme
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AG° . (As (Eqn. 3.41)

)

2 ASZSB(S) = As486(g) (3Y)

283(5))

AG (Eqn. 3.44)

!

AG?f (As486(g)) equation

°
3Y

2 ASZS3(2) = As486(g) (32)

AG (Egn. 3.46)

-]
32

AG°f (As2s3(£)) equation

<

(Eqn. 3.48)

From this scheme

2 AS(S) + 3/2 s2(g) = ASZS3(2) (3V)

AG°. (as - 60595 - 18.72TLOGT + 97.94T (3.48)

25302y =
(cal/mole)
(T > 584 K)

Values of the free energies of formation of ASZSB(S)

and Aszs3(£) calculated by methods 1 and 2 are presented

in Tables 3.48 and 3.49. Free energies of formation of
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Free Energies of Formation of As

Table 3.48

253(s)

a

Temperature AG°f (cal/mole)
(K) ( : (
Egn. Egn. From
Method 1 3.41) Method 2 3.47) Barton88
300 -50560 -50210 -51120
400 -44860 ~44550 -45160
500 -39050 -38770 -39200
584 -34090 -33840 . -34190
a . '
formation .from As(s) and Sz(g)
Table 3.49

Free Energies of Formation of Aszs3(2)

Temperature aAG°f (cal/mole)
(X)
Method 1 (Egn. 3.42) | Method 2 (Eqn. 3.48)
600 -33180 -33040
700 -28870 -29320
800 -24500 -25720
900 -20070 -22220

a .
formation from As(s) and Sz(g)

151
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ASZS3(s) calculated from Barton's84 published equation
are also given in Table 3.48. The AG°. values calculated

by methods 1 and 2 for As agree to within the

283(3)
experimental error of #1100 cal/mole on Johnson et al.'s8l
AH® value which was used in all the AG°_. equation
£,298 f

» ] (-]
generations for ASZS3(s) and Aszs3(£). Barton's AG £
(Aszs3(s)) values are in fair agreement with those values cal-
culated in this study. The AG°. (Aszs3(£9 values calculated
by methods 1 and 2 agree to within the experimental error
of *+ 1100 cal/mole on Johnson's AH®; ,4g Value at temper-

.29
atures below 800 K. However, at 900 K, the difference
between the AG°f (Aszs3(g)) values begins to become
significant (2150 cal/mole; 9.7%).
Further tests were made to determine which AG°f
equations for Aszs3( 3 would be selected for use in
s,2)

constructing the vapor pressure/stability diagrams. It
was.deéided that the vapor pressure above solid and
liquid’Aszs3 must be fixed by the experimental data to
insure that the isobar pressures on the diagrams were as

accurate as possible. To accomplish this, one of the two

schemes given below must be followed.

A. Use method 1 to generate the AG°f equation

for ASZS3(s)

Use method 2 to derive the AG® ¢ eguation

for Aszs3(l)
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B. Use method 2 to generate the AG° ¢ equation

for Aszs3(sy

Use method 1 to derive the AG°f equation

for‘Aszs3(£)

As explained in the earlier section on arsenic disul-
fides, condensed phase stability diagrams were constructed
to determine which AG°f equations for ASZS3(S) and
As,S (and the disulfide phases) were most accurate.

253(R)
When the AG°f (ASZS3(£)) equation derived by scheme A
(method 2) was used, the As;sz(z) field disappeared from
the stability diagrams at temperatures above 630 K. The
Aszsz(z) field remained on the stability diagrams at all
temperatures above the melting point (580 K) only when
the selected AG°; (Aszsz<£)) equation (see previous
section on arsenic disulfides) and the AG°f (Aszs3(2))
equation derived by scheme B (method 1) were used.
Since the ligquid As,S, field is known to be stable in
the temperature range 580 - 849 K,8l scheme B (method 1)
was selected to derive the AG°f (ASZS3(£)) equation. Then,
the following AG"’f equations were selected for ASZS3(5,£)

(by method A):

for ASZS3(s) : Egn. 3.47

for ASZS3(2) : Egn. 3.42
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The adopted free energy of formation equations for

ASZS3(S) (Egqn. 3.47) and ASZSB(Q) (Egn. 3.42) were used

to compute the melting point (Tm) of Aszs3(s).

Aszs3(s) = Aszs3(2) (32A)
AG°3AA = AG°f (Aszs3(2)) (Egn. 3.42)
-AG° ¢ (ASZS3(S)) (Egqn. 3.47)
(a » = a = l)
Bsy83(s) BS383(g)
= = o = = :
T = Tm 583 K at AG 3AA 0 (K 1)

The calculated melting point is in good agreement with the

independent melting point of 584 * 4 K selected previously.

3.4.2.4.2 Vapor species

The following scheme was used to derive a AG° ¢

equation for AS4S6(g)

AG°f (Assz(z)) (Egn. 3.42)

v

2 ASZS3(£) = AS4SG(g) (32)

AG® (Egqn. 3.46)

32

AG°f (As486(g)) equation

Y
7

(Egqn. 3.49)
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The resulting equation is:

4 As(s) + 3 S2(g) = AS4SG(g) (3BB)
AG°f (As486(g)) - 93510 + 21.18TLOGT - 1.53T (3.49)
(cal/mole)
(T > 298 K)

The normal boiling point (Tb) was calculated using the

following procedure

AG°3Y>(Eqn. 3.46) = AG°f (As456(g)) (Egn. 3.49)
T = Tb = 983 K at AG°3Y =0 (PA-S4S6 = 1 atm)

The calcﬁlated normal boiling point is in good agreement
with the prewviously selected boiling point of 985 K.
However, this must be the case since the selected boiling
point was calculated from the same vapor pressure data
used to derive Egn. 3.46.

There are insufficient data in the literature to’
calculate thermodynamic functions:ﬂn:As4ss(g), the

selected vapor species above ASZS3(S,2)'
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3.4.2‘4.3 Volatilization studies

The derivations of vapor pressure equations for
ASZS3(s) and Aszs3(£) were discussed in the preceding
sections on the treatment of vaporization data. No
inconsistencies were detected in the treatment or selection

of volatilization data for arsernic trisulfides.

3.4.2.5 Summary of selected data for arsenic trisulfides

Selected thermodynamic and physical data for ASZS3(s)

and Aszs3(2) are given in Tables 3.50 and 3.51. Adopted

data for As456(g) are presented in Table 3.52.

3.4.3 Arsenic pentasulfides

Although arsenic pentasulfide is known to‘exist,l'67'68’75

the molecular formula and structure of the sulfide have
not been established.67’68 Vinogradova et al-.75 identified
a glassy phase of composition ASZSS' However, there is no
evidence that a crystalline arsenic pentasulfide phase

exists,96

and the compound does not appear to occur
naturally.l The sulfide is stable in air up to 388 K,
but dissociates to form arsenic trisulfide and sulfur at
higher temperatures.l Based on the above observations,

arsenic pentasulfide will not be considered further in

this study.
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Table 3.50

Selected Data for As.S

27 3(s)
Cp°(T) = 29.09 + 0.0148T - 500000 (3.39)
. 2
T (cal/deg-mole)
S°298 = 39.1 cal/deg-mole
For the fusion reaction
ASZS3(S) = ASZS3(Z) (3aR)
va= 584 * 4 K
AH°m = 6.85 = 0.30 kcal/mole
For the formation reaction
+ =
2 As(s) 3/2 SZ(g) ASZSB(S) (30)
AHof,298 = -68.5 = 1.6 kcal/mole
AG°f = -65615 + 10.59TLOGT + 25.11T (3.47)
(cal/mole)

(298 - 584 K)

For the sublimation reaction

2 Aszs3(s) = As4S6(g) (3Y)
LOG PAS4S6 = -8%#5 + 11.31 (3.43)
(PAS S in atm)
476

(476 - 536 K)
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Table 3.51

Selected Data for As.S

273(4)

Cp°(T) = 44.25 - 0.0221T - 3.22 x 106 (3.40)
2
T (cal/deg-mole)
Ty = 985 K
AHovap = 19.7 kcal/mole Aszs3(z)
For the formation reaction
+ =
2 As(s) 3/2 SZ(g) ASZS3(2) (3V)
AG°f = ~56040 + 10.59TLOGT + 8.68T (3.42)
‘(cal/mole)
(T > 584 K)
For the vaporization reaction
2A5283(1) = As4s6(g) (32)
LOG P = -4059 + 4.131 (3.45)
As,Sq T
(P in atm)
As4s6

(623 - 980 K)
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Table 3.52

Selected Data for'As486(g)

For the formation reaction

4 As + 3 8 = AS4S

(s) 2(g) 6(qg)

AG°f = -93510 + 21.18TLOGT - 1.534T

(cal/mole)
(T > 298 K)

159

(3BB)

(3.49)
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3.4.4 Other arsenic sulfides

The sulfide As4s3, a rare mineral mentioned by

104

Dana and Ford, has been found in arsenic sulfur

105

deposits. Since Maske and Skinner report that the

compound has no stability field, As4S3 will not be included

in the As-S-0 stability diagram.
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3.5 As-S-0 Compounds

Arsenic trisulfate (Asz(so4)3) and arsenyl sulfate
((Aso)2 SO4) have been produced synthetically,l and
assigned Chemical Abstracts registry numbers. However,
literature searches on these registry numbers yielded no
references. The compound Aszo3 . SO3 has been reported
by Wagman et al.57

There is no evidence supporting the natural existence
of these As~S-0 compounds. In addition, the only physical
or thermo-chemical data available on these three compounds
is a AHOf,298
al.57 Therefore, these compounds will not be included in

value f¢r Aszo3 -_SO3 reported by Wagman et

the As-S-0 system vapor pressure/stability diagrams.
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3.6 Summary of Selected Data for all Condensed Phases

and Gaseous Species in the As-S-O System

Selected thermodynamic and phyéical data for the
condensed phases and vapor species in the As-S-0 system

are summarized in Tables 3.53 - 3.57.
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Table 3.54

Selected Heats of Formation and Absolute Entropies at

298 K for the Condensed Phases in the As-S-0 System

164

Heat of formationa

Absolute Entropy

Condensed

Phase at 298 K at 298 K

' (kcal/mole) (cal/deg-mole)

As 0 8.534

(s)
ASZO3(oct) -157.00 25.7 £ 0.2
As,05 o) ~218.60 25.2 £ 0.4
ASZSZ(Q) -47.7 £ 1.2 30.3 £ 0.3
ASZS3(S) -68.5 + 1.6 39.1

a . . .
all formation reactions involve

2(g)

0 and S

2(g)

only As(s),



T-2431

Table 3.55

Selected Heat Capacity Equations for the Condensed

Phases and Vapor Species in the

As-S-0 System

cgggzgsgg Heat capacity gquation
Vapor Species (cal/deg-mole)
As g, © 5.575 + 0.0129T - 4420/T?
28,05 (oct) 17.93 + 0.0363T - 500000/T>
25793 (0) j }
Bs,05 ) 27.85
AS,5, (4 20.55 + 0.00831T - 48920/T?
As,S, () 20.55 + 0.00831T - 48920/T2
A55S, (4 4.88 + 0.0457T - 345000/T°
AS,S5 g 29.09 + 0.0148T - 500000/T>
As,S5 g 44.25 - 0.0221T - 3.22 x 10%/72
As, (o) 19.81 + 4.38 x 107°T - 121870/T°
As40¢ o 52.99 + 0.00191T - 1095530/T>
As,S, 4 43.48 + 0.000176T - 383990/T>

165
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3.7 Construction of the As-S-0 System Vapor Pressure/

Stability Diagrams

The selected free energy of formation equations given
in Table 3.56 were used to construct vapor pressure/stability
diagrams for the As-S-0 system at 473, 673, and 873 K.

The diagrams shown in Figures 3.15, 3.17 and 3.19 contain
and As,O isobars; isobars for As4s4(g) and

BSy(q) 1% (q)

As486(g) are included on the diagrams given in Figures

3.16, 3.18, and 3.20 at the three temperatures.
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Chapter 4

THE Sb-S-0 SYSTEM

4.1 Introduction

4.1.1 Organization of the chapter

The first four major sections of this chapter on
elemental antimony, antimony oxides, antimony sulfides,
and Sb-S-0 compounds are each organized in the following
manner. First, the condensed phases and gaseous species
are identified. All relevant thermodynamic and physical
data in the literature are then summarized. Two major
categories of data were of interest to this study: data
used to generate free energy of formation equations for
the condensed phases and vapor species which are required
for the construction of vapor pressure/stability diagrams,
and data used in second and third law thermodynamic
analyses of vapor pressure data. The specific types of
data of interest to this study will be discussed shortly.
After summarizing the data found in the literature, the
treatments of the data using various techniques described
in Chapter 2 on methods of analysis and Appendices 3.3,

3.C, and 3.D are discussed in detail. Finally, the best
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data for each condensed phase and gaseous species are
selected and summarized at the end of the section. A
summary of all selected data and a description of the
construction of Sb-S-0 system vapor pressure/stability
diagrams are given in the last two sections of the

chapter.

4.1.2 Types of data of interest to this study

The specific types of data of interest to this study

are summarized below

1. Data used in the generation of free energy of
formation equations for all condensed phases and

gaseous species in the Sb~S-0 system

é. hiéh temperature (> 298 K) heat capacity
(or heat content) data
b. heat'capacity at 298 K
c. heat of formation at 298 K
d. absolute entropy (or entropy of formation)
at 298 K
e. high temperature (> 298 K) free energy of
formation data
f. crystalline transformation heats and temperatures
g. melting temperatures and heats of fusion

h. vapor pressure data
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It should be noted that all thermodynamic for-
mation quantities for the condensed phases and
gaseous species are based upon formation from
Sb(s), OZ(g)’ and'sz(g), regardless of temperature.

. (G°,, - H° ) .
2. Data used to generate T 298 functions
T

for condensed phases and gaseous species required

for second law (Z') and third law thermodynamic

analyses of vapor pressure data

a. for condensed phases: use data described in

(G°,, = H° )
(1.) above to generate the T 298
T

functions
b. for gaseous species: use statistical thermo-
dynamic formulae and the following data:

l,) molecular constants (bond lengths, bond
angles, moments of inertia, symmetry
numbers, rotational parameters)

2.) fundamental frequencies and degeneracies

of the vibrational states of the gaseous

molecule

In addition to the types of data in these two major cate-
gories, boiling and sublimation points, and heats of

vaporization and sublimation were examined in this study.



T-2431 179

4.1.3 summary of material presented in the chapter

All data in the literature of the types summarized
in the preceding section are presented in this chapter
and the corresponding appendices. The thermodynamic and
physical data adopted for use in this study are summarized
in tabular form. Thermodynamic functions for the gaseous
species are included in the appendices to this chapter.
Selected free energy of formation equations for all stable
condensed phases and gaseous species are summarized at the
end of the chapter. Vapor pressure/stability diagrams for
the Sb-S-0 system at 873, 1023, and 1173 K, which were con-
structed using the selected free energy of formation

equationé, are presented at the end of the chapter.
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4.2 Elemental Antimony

4.2.1 Identification of condensed phases and gaseous species

Elemental antimony commonly exists in a rhombohedral
structure.l Primitive cubic and hexagonal close packed
crystalline modifications of antimony are stable at high
pressures--.2 Rapid guenching of Sb vapor produces a black
amorphousstructure.l

Of the solid forms of antimony discussed above, only
the common rhombohedral form has properties which are well
established. Thus, the other antimony structures will be
disregarded in this study, and the rhombohedral structure
will be designated as Sb(s)'

The vapor species Sb4(g), Sb2(g) and Sb(g) have been

identified in the vapor above solid and liquid antimony.z-6

4.2.2 Summary of data in the'literature

4.2.2.1 Condensed phases

Data on the fusion of antimony are in good agreement.
Based on the results of three studies,6-8 a melting point
of 903 + 1 K was selected for use in this work. Heats of
fusion in the range 4.62 - 4.87 kcal/mole Sb have been
6,9-12

reported. Averaging the results of all five studies,

a heat of fusion of 4.75 * 0.13 kcal/mole Sb was calculated

and adopted for use in this study.
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Boiling points in the range 1713 - 1950 K have been

8,13-16

determined for liquid antimony. The results of

8,15,16

three studies which are in fair agreement were

averaged to give a selected boiling point of 1929 % 21 K.

Reported heats of vaporization of liquid antimony lie in
the range 25.8 - 34.0 kca.l/mole(vap:or).6’8']'2’15-l7
The adopted values of 28.7 * 0.6 kcal/mole(vapor) was cal-

culated as the average value of three studies8'15’16 in

close agreement.

The heat capacity of solid antimony at low temper-
atures (< 298 K) has been measured by several investi-
gators.ls"23 With the exception of Anderson's23 study
(66 - 293 K), all measurements were made below 98 K.
Based on this observations, the Cp°298 value of 6.08
cal/deg-mole derived from Anderson's results was selected.
18

~_Calorimetric studies on Sb(s) by Anderson and DeSorbo

yielded s° values of 10.5 and 10.92 cal/deg~mole,

298
respectively. Averaging these two results, an S°298 value

of 10.71 * 0.21 cal/deg-mole was adopted for use in this
study.

The results of several studies on the high temperature
(373 - 1273 K) heat contents of solid and liquid antimony
have been reviewed by Hultgren et al.2 Tabulated values

of the heat capacity of Sb(s %) from 298.15 - 2000 K compiled
14

by these authors were selected for use in this study.
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The heat and free energy of formation of solid
antimony are zero at all temperatures because the element

is in its standard state.

4.2.2.2 Vapor species

The molecular structure of Sb4(g) has been studied by

Kessler.24 The molecule is tetrahedral and has an Sb-Sb
o
bond length of 3.9 % 0.1 A.24 There are no experimental

data on the fundamental vibrational frequencies of Sb4(g)
available in the literature. Hultgren et al.2 have pub-
lished compilations of the thermodynamic functions for
Sb4(g) based upon. estimated molecular constants and
vibrational frequencies.

4.2.2.3 Volatilization studies

4,2.2.3.1 Vapor composition

The composition of the vapor above solid and liquid
antimony has been studied by several investigators. Mass
spectrometric studies on Sb(s) by Goldfinger and Jeune-
homme4 revealed that the vapor contains only'Sb4(g) at
570 - 640 K. Using vapor density measurements, Rosenblatt
and Birchenall® determined that at 693 - 823 K less than

2.75% of the Sb molecules in the vapor above solid Sb

4(g)
dissociate to produce lower molecular weight vapor species.

These authors5 concluded that, within the limits of the
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experimental error of their measurements, the vapor above
Sb(s) contains esseptially all Sb4(g) molecules. Boerboom
et al.6 used mass spectrometry to determine that the vapor
above solid and liquid antimony at the melting point (903 K)

contains 2.35% Sb with the balance being Sb Mass

2(g) 4(g)°
spectrometric studies by Sullivan et al.3 on Sb(z) at

923 - 973 K showed that Sb is the predominant vapor

4 (g)
species, and concentrations of‘sz(g) range from 20 - 30%.

Using vapor density measurements, IllarionovandCherepanOva15

concluded that Sb is the sole vapor species above Sb(l)

4(q9)
at 1000 K. The concentration of Sb(g) in the vapor above

Sb g 4y is negligible (< 0.3%) below 1300 K.?2
14

4.2.2.3.2 Vapor pressure

The vapor pressures of solid and liquid antimony have
been studied extensively. Summaries of the studies on

Sb(s) and Sb are presented in Tables 4.1 and 4.2,

(2)

respectively.

4.2.3 Treatment of data

4.2.3.1 Condensed phases

The tabulated heat capacity data given by Hultgren
et al.2 for solid antimony and the selected Cp°298 value
were regressed to give the following heat capacity equation

for Sb(s)
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Table 4.1
Summary of Vapor Pressure Data
on S0lid Antimony
Study Temperature Experimental
Range (K) Technique

Rosenblatt and 693 - 823 Volmer torsion and

Birchenall5 Knudsen effusion
Boerboom et al.6 635 - 835 Knudsen method
Muradov12 863 - 903 atomic absorption
Aldred and Pratt25 764 - 817 torsion-effusion
Landsbergetal.26 622 - 904 Knudsen and torsion

effusion

ROSEEZlatt and 660 - 819 Knudsen effusion
Kazlaeva and : .
Shakhtakhtinskifg 693 - 840 Knudsen effusion
Nesmeyanov and 618 - 861 effusion method

Iola
Niwa and 618 - 823 torsion-effusion

Yosiyama30

184




T-2431
Table 4.2
Summary of Vapor Pressure Data
on Liquid Antimony
Study Temperature Experiméntal
Range (K) Technique
Myzenkov and - C g .
Klushin8 1097 1393 boiling points
Sullivan et al.3 923 - 973 mass spectrometry
Muradov12 903 - 1003 atomic absorption
Leitgebell? 1333 - 1538 | boiling points
Illarionov and . .
Cherepanovals 935 1110 radiometric method
16 1193 - 1539 compensation static
Komlev et al. method
Landsbergetal.26 904 - 1052 Knudsen and torsion
effusion
Ruff and g .
Bergdahl3l 1348 1598 boiling points
Jel;;gﬁgwigd 1058 ~ 1373 transport

185
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Cp° = 4.59 + 0.00299T + 52200/T2 (4.1)
(cal/deg-mole)

The constant heat capacity value reported by Hultgren et al?

was selected for Sb(z)

Cp® = 7.50 cal/deg-mole (4.2)

Since solid antimony is an element in its standard

state

=0 (4.3)
(cal/mole)
(298 - 903 K)

AG® ¢ (Sb(s))

- o
Values of (GOT H 298) for Sb
T

(£') and third law analyses were computed using the pro-

required for second law

(s)

cedure given in Appendix 3.A.
The following free energy of formation equation for
Sb(z) was derived using previously selected data and the

procedure outlined in Appendix 3.A

Ssb,_ , = Sb (42)

(s) (%)

AG°f (Sb(z)) = 6240 + 3.08TLOGT - 16.00T (4.4)
(cal/mole)
(T > 903 K)
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4.2.3.2 Vapor species

The molecular constants and estimated fundamental
vibrational frequencies for Sb4(g) used in the statistical
thermodynamic calculations made in this study are pre-
sented in Appendix 4.A. The thermodynamic functions com-
puted using these selected data and the statistical
thermodynamic relationships in Appendix 3.C are presented
in Appendix 4.A.

The following heat capacity equation for Sb4(g) was

generated by regression of the derived heat capacity values

Cp® = 19.83 + 0.00385T - 76870/T2 (4.5)

(cal/deg-mole)

4.2.3.3 Volatilization studies

Based upon the vapor composition data reviewed in the
preceding section, it is assumed’that.Sb4(g) is the sole
vapor species above Sb(s) up to the melting point (903 K).
Other authors2 have made this same assumption. Thus, the

following sublimation reaction can be written

4 Sb(s) = Sb4(g) (4B)

(298 - 903 K)

Second and third law analyses were performed on the

5,25,28,29

vapor pressure data of four studies listed in
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- H
T
(by Appendix 3.C) and Sb4(g) (see Appendix 4.A). Second

o o
Table 4.1 using computed (G T 298) values for Sb

(s)

law (Z') and third law plots are presented in Figures 4.1
and 4.2, respectively. The second and average third law
heats of sublimation at 298 K calculated from each study
are given in Table 4.3.

Although the second and average third law heats of
individual investigators differ by as much as 4 kcal/mole,
it appears that all of the data with the exception of
Kazlaeva and Shakhtakhtinskii's highest temperature point
lie on a straight line on the second law plot (see Figure
4.1). In addition, these data points are concentrated in
the region AH°298 = 51.8 * 1.3 kcal/mole on the third law plot
(see Figure 4.2). The data of individual studies display no
temperature dependent trends on the third law plot.

The compiled data of all four studies, with the
exception of Kazlaeva and Shakhtakhtinskii's highest
temperature point, were subjected to second law (I) and
third law analyses. Results of the compiled data analyses
are presented in Table 4.4. The observed difference of
1.7 kcal/mole between the compiled second and third law

heats of sublimation probably resulted from errors in the
- H
T

calculated (GOT 0298) values for Sb and Sb4(g) used

(s)

in the analyses.
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Table 4.3

Second and Third Law Heats of

Sublimation for Antimony

Study Second law Average Third law
o o
AH 298(kcal/mole) AH 298(kcal/mole)
Rosenblatt and
Birchenalld 48.13 52.17
Aldred and Pratt?° 53.47 | 52.16
Kazlaeva and
Shakhtakhtinskii?® 52.86 50.77
Nesmeyagov and 51.16 51.58
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Table 4.4

Selected Results from Second and Third Law Analyses

on Compiled Antimony Sublimation Data

For the reaction

4 Sb(s) = Sb4(g) (4B)
Second law AH°298 = 50.1 kcal/mole
Third law AH°298 = 51.8 + 1.1 kcal/mole
LOG Py = -10372 + 7.916 (4.6)
4 T (P in atm)
Sb4
(618 - 861 K)
AG94B = 49260 - 3.38TLOGT - 33.63T + 0.00596T2 (4.7)
+-142840
T
(cal/mole)

(618 - 861 K)
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The free energy of formation equation for Sb4(g) is
identical to the free energy of sublimation equation for

Sb(s)'

4 Sb(s) = Sb4(g) (4B)

= AG° = 49260 - 3.38TLOGT (4.7)

AG® . (Sb 5

£ (5Pg(q))

-33.63T + 0.00596T2 + 142840/T

(cal/mole)
(T > 298 K)

In the vapor pressure analyses for Sb(s)’ it was
assumed that Sb4(g) is the only vapor species. However,
with increasing temperatures above the melting point, the
concgntration of SbZ(g) in the vapor phase increases.

Thus, for vaporization of Sb(z),.the following two reactions

must be considered

4 Sb (4C)

= Sb
(£) 4(g) (T > 903 )

2 Sb,,, = Sb (4D)
(2) 2(9) (T > 903 K)

The concentration of Sb(g) in the vapor above Sb(z) is
assumed to be negligible below 1300 K.2

All investigations on Sb(z) present the vapor pressure
data as total pressure. In this study, the partial pres-

sure of Sb4(g) and Sb2(g) were needed to plot_Sb4(g) and
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SbZ(g) isobars on the vapor pressure/stability diagrams.

The partial pressures of Sb4(g) and SbZ(g) were calculated

from total pressure data by the following procedure
l. Partial pressure of_sb4(g) above Sb(z)

The reaction of interest is

4 Sb(z) = Sb4(g) (4C)
(T > 903 K)
= Go
AG°4C AG £ (Sb4(g)) (Eqn. 4.7)
- 4 AG°f (Sb(z)) (Eqn. 4.4)
AG°4C = 24300 - 15.70TLOGT + 30.37T (4.8)
+ 0.00596T% + 142840/T
(cal/mole)
(T > 298 K)
AG°4C = -RT LN PSb4
Finally
- - [o]
PSb4 EXP (-AG 4C/RT) (4.9)

The partial pressure of Sb4(g) can be calculated

from Egqns. 4.9 and 4.8 for any given temperature.
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2. Partial pressure of SbZ(g) above Sb(z)

The reaction of interest is

2 8b ) = Sby .y (4D)

(T > 903 K)
If Sb4(g) and SbZ(g) are the only vapor species

above Sb(z) (assumed to be true below 1300 K)

(4.10)

PT = total pressure

Therefore, given total pressure (PT) -
temperature data, the PSb4 can be calculated

from Egns. 4.9 and 4.8, and the P can be

calculated by Egn. 4.10.

Using the above analysis, PSb values were calculated
2

from the total pressure data of four investigations and

computed PSb4 values. A plot of LOG K4D versus 1/T is
presented in Figure 4.3. The calculated LOG K4D results
16

for Myzenkov and Klushin's,8 Komlev et al.'s and Jellinek
and Wannow's32 data below 1300 K were regressed using least
squares analysis. The regression line is shown in Figure

4.3. The derived LOG K results show considerable scatter

4D
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ébout the regression line. Nevertheless, since there was
no justification in choosing the total pressure data of an
individual study as being superior to data of the other two
studies, it was believed that the combined regressed
equation is most representative of the actual vapor pres-
sure of Sb2(g) above Sb(z). Vapor pressure and free
energy of vaporization equations for.sz(g) are presented
in Table 4.5. The corresponding equatioh for Sb4(g) ob-
tained by regression of calculated AG94C‘and LOG PSb4 values
are also presented in Table 4.5.

The free energy of formation equation for SbZ(g) may

be calculated as follows:

2 Sb(z) = SbZ(g) (4D)
AG°4D = AG°f (SbZ(g)) -2 AG°f (Sb(z))
AG°f (SbZ(g)) = AG°4D (Egqn. 4.14)
- 2 AG°¢ (Sb(z)) (Eqn. 4.4)
2'Sb(s) =‘Sb2(g) - (4E)
AG°f (SbZ(g)) = 58900 + 6.17TLOGT - 58.29T (4.15)
(cal/mole)

(T > 298 K)
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Table 4.5

198

Vapor Pressure and Free Energy of

Vaporization Equations for Liquid Antimony

For the reaction

4°8bigy = Sbyq)

LOG P = =5277 + 2.312
Sb4 =

AG® =~ 10.58T + 24145

4cC

For the reaction

2 8b ) = Sby (o

LOG Psz =-10146 + 5.747
T

G, =~ 26.29T + 46420

(4C)
(4.11)
(PSb4 in atm)
(T > 903 K)
(4.12)
(cal/mole)
(T > 903 K)
(4D)
(4.13)
(Psb2 in atm)
(1097 - 1298 K)
(4.14)

(cal/mole).
(1097 - 1298 K)
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4.2.4 Selection and confidence of data

4.2.4.1 Condensed phases

The derived AG°; equation for Sb(zj was used to cal-

culate the melting point of antimony as follows

Sb = Sb

(s) (%) (42)

AG°4A = AG°f (Sb(z)) (Eqn. 4.4)
-/

o

(S))

T T at AG®° =0
m 4A = 1)

L)

(a

Sb = aSb(

(s)

Tm = 905.2 K

The computed melting point is in good agreement with the
previously selected melting point of 903 * 1 K. This
indicates that the derived AG°; equation for 8by, is

reasonable.

4.2.4.2 Vapor species

- H

T
by this study are compared with Hultgren et al.'s2 published

[«
values of (G T

0298) and Cp° for Sb4(g) calculated

values in Table 4.6. The results are in good agreement.
It is believed that the values calculated by this study

are more accurate than those reported by Hultgren et al.
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Table 4.6

Thermodynamic Functions for

P4 (q)
This Study Hultgren et al.2
(G°p = H%39g) (G°p ~H%59g)
T Cp° T Cp®° T
(K) (cal/deg-mole) | (cal/deg-mole) | (cal/deg-mole) | (cal/deg-mole)
400 19.36 87.33 19.55 84.41
500 19.54 88.75 19.66 85.86
600 19.64 90.37 19.72 87.48
700 19.70 91.98 19.76 89.11

200
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The experimentally measured Sb-Sb bond length of Kessler24
was used in the statistical thermodynamic calculations
made in this study, whereas Hultgren et al. used an esti-

mated bond length for Sb in their calculations. This

4(g)
probably accounts for the observed differences in the
functions.

Concentrations of Sb4(g) and Sb2(g) in the vapor
phase above Sb(g) were calculated using the vapor pressure
equations for the two gaseous species. These results
along with concentrations of Sb4(g) and sz(g) determined
from Hultgren et al.'s data, are presented in Table 4.7.
With the excpetion of the concentrations of SbZ(g) at the
lower temperatures, the concentrations computed by this
study and Hultgren et al. are in fair agreement. Consid-
ering‘the simplicity of the procedure used to calculate the
partial pressure of SbZ(g) in the vapor phase, these
results are not surprising. However, the lack of experi-
mental high temperature vapor composition data on Sb(l)
makes it difficult to determine whether Hultgren et al.'s
results or the results of this study are more accurate.
It was not clear what methods Hultgren et al. used to
generate their final results. Therefore, the vapor pres-
sure equations derived in this study were selected.

In the vapor pressure data analyses, it was assumed

that the vapor above antimony at itsvmelting point (903 K)
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Table 4.7

Concentrations of Sb4(g) and Sb2(g)

in the Vapor Above Sb(z)

% Sb4 in the vapor % Sb2 in the vapor

(g) This | Hultgren This | Hultgren

study | et al.? study | et al.?
903 99.0 96.8 1.0 3.2
1000 96.4 92.2 3.6 7.8
1100 90.7 84.2 9.3 15.8
1200 80.7 | 72.9 19.3 27.0
1300 67.1 59.8 32.9 39.9

202
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contains only Sb4(g). The vapor composition results cal-
culated by using the selected vapor pressure equations

from this study show that the vapor contains 99.0% Sb4(g)
at the melting point. This result is consistent with the

assumption used in the data analyses.

4.2.4.3 Volatilization studies

The partial pressure of Sb4(g) above antimony at the
selected melting point was calculated by using the vapor
pressure equations for Sb(s) (Eqn. 4.6) and Sb(z) (Egn. 4.11).

The results are given below

4 Sb(s) = Sb4(g) (4B)
- -4 =
Psb4 = 2.7 x 10 atm at Tm 903 K
(from Egn. 4.6)
4 Sb(m = Sb4(g) (4C)
p.. =12.9x 104 atmat T = 903 K
Sb4 m
(from Eqn. 4.1l1)
The Psb4 values agree to within 6.9%.

Based upon the good agreement of the Psb4 at the mel-
ting point, and the arguments presented in the preceding
section on vapor species, it is believed that the sublim-

ation and vaporization data for antimony are consistent.
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4.2.5 Summary of selected data for elemental antimony

The selected thermodynamic and physical data for

Sb(s)’ Sb r Sb and SbZ(g) are presented in

(2) 4(g)
Tables 4.8 - 4.11.
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Table 4.8

Selected Data for Sb(s)

Cp°(T) = 4.59 + 0.00299T + 52200 (4.1)
T2 (cal/deg-mole)
S°298 = 10.71 = 0.21 cal/deg-mole

T =903 £ 1K

4.75 £ 0.13 kcal/mole Sb
m (s)

B

o
o
I

-0 at all temperatures

>
(9]
o
Fh
]

For the sublimation reaction

4 Sb(s) = Sb4(g) (4B)
LOG PSb o= =10372 + 7.916 (4.6)
4 T (P in atm)
Sb4

(618 - 861 K)
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Table 4.9

Selected Data for Sb(x)

Cp®(T) = 7.50 (4.2)
(cal/deg~-mole)

AH® = 28.7 ¥ 0.6 kcal/mole
vap ' (vapor)

For the formation reaction

Sb(s) = Sb(z) (41)
AG°f = 6240 + 3.08TLOGT -~ 16.00T (4.4)
(cal/mole)
(T > 903 K)

For the vaporization reactions

4 Sb(z) = Sb4(g) (4C)
LOG psb = -5277 + 2.312 (4.11)
4 T (P in atm)

Sb,
(T > 903 K)
2 Sb(l) = sz(g); (4D)
LOGvPsb =-10146 + 5.747 (p in atm) (4.13)

(1097 - 1298 K)



T-2431 207

Table 4.10

Selected Data for Sb
4 (g9)

Cp°(T) = 19.83 + 0.00385T - 76870 (4.5)
T2 (cal/deg-mole)

For the formation reaction

4 sb ) = Sby (4B)
AG®, = 49260 - 3.38TLOGT - 33.63T (4.7)
+ 0.00596T2 + 142840
T
(cal/mole)

(T > 298 K)
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Table 4.11

Selected Data for Sb
, 2(9)

For the formation reaction

2 Sb(s) = Sb2(g)

AG°f = 58900 + 6.17TLOGT - 58.29T
(cal/mole)
(T > 298 K)

208

(4E)

(4.15)
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4.3 Antimony Oxides

4.3.1 Antimony trioxides

4.3.1.1 Identification of coﬁdensed phases and gaseous

species

The molecular formulae Sb203 and Sb406 are used to
‘represent antimony trioxide, also known as antimony (III)

oxide. The oxide exists naturally as the minerals

~senarmontite and Valentinite.l'33’34

The crystallography of senarmontite, or cubic Sb203,

35

has been studied by Bozorth. The crystal structure of

valentinite, also known as orthorhombic Sb203, has been

36 37

examined by Buerger and Hendricks and Bystrom.

The vapor species Sb406(g) is believed to be the

stable oxide species above solid and liquid Sb203,38—41

although other oxides have been identified by mass

spectrometric studies.42’43

4.3.1.2 Summary of data in the literature

4.3.1.2.1 Condensed phases

The crystalline transformation

Sb203(cubic) = Sb203(orthorhomb.ic)

is not well defined. Based on visual observations. of

solid Sb,0, during vapor pressure measurements, Hincke.44

273

209

(4F)
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concluded that the transformation occurs at a temperature
of 830 K with a heat of transformation of 1620 cal/mole

Sb A hydrothermal study of the polymorphism of

203.
Sb203 by White et al.45 led to .a calculated transformation
temperature of 879 £ 5 K and heat of transformation of

46

1000 cal/mole Sb,0 Roberts and Fenwick =~ report an

3°
estimated transformation temperature of 843 * 10 K from
visual observations during heating of Sb203. Since White
et al. conducted the only.actual study of the crystalline
tranéformation; and the other authors based their
reported transformation data on visual examination only,
White et al.'s reported temperature and heat of transfor-
mation were selected for use in this study.

Orthorhombic Sb,0, melts at a temperature of

273
8,44,47

929 K. nincke?? reports a heat of fusion of

13.13 kcal/mole Sbi33f0rorthorhombic Sb203. No other

heat of fusion values are reported in the literature.
Reported boiling points calculated from three inde-
pendent vapor pressure studies range from 1500 to 1843

8,44,48 gince the published boiling points are in poor

K.

agreement, a value for the boiling point of Sb203 will not

be selected in this study. Heats of vaporization in the

range 17.84 - 19.86 kcal/mole Sb4o6(g) have been calculated
8,44

from vapor pressure data. Averaging the results of

the two studies, a heat of vaporization of 18.85 * 1.0l
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o was calculated and adopted for use in

kcal/mole Sb
/ S 6(g)

4
this study.
Published heats of formation of solid szo3 from
Sb(s) and OZ(g) are presented in Table 4.12. The
AHof,298 values. of Schuhmann52, Simon and Thaler53,’and
Chatterji and Smith51 are of no value since the form of
the oxide used in their experiments was not specified.

Maier54 reports that the sodium peroxide technique used

by Mixtersovis known to produce inaccurate results.

49

. , . .
Mah's calorimetric experiments on Sb203(orthorhombic)

were conducted at 303.15 K. Based on the above obser-

vations of the AH®° studies on orthorhombic Sb203,

49

£,298

the value reported by Mah was selected for use in this

study. Mah's AH°f 298 value was obtained by using a

r’
reliable experimental technique at a temperature near
298 K, and is believed to be the most accurate AH°f 298

value for orthorhombic Sb20 reported in the literature.

3
Roberts and Fenwick's46 AH°f 298 value for cubic

Sb203 is the only value reported in the literature for

this form of the oxide. As will be discussed shortly, in
the absence of heat capacity measurements for cubic

Sb,0 it was assumed in this study that the heat capacities

2737
of the cubic and orthorhombic forms of Sb203 are identical.

Therefore, since the AH°f 298 value for orthorhombic
14

Sb 03 and the heat of transformation for the reaction

2
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formation from Sb(s)

2(g)

T-2431
Table 4.12
Heats of Formation of Solid
Sb203 at 298 K
Form of aAH°f 298 Experimental Study
’ >
szo3 (cal/mole) Technique
cubic -168870 electromotive force | Roberts and
measurements Fenwick46
‘orthorhombic | -169380 oxygen bomb Mah49
calorimetry
orthorhombic | -163000 calorimetry (using Mixter50
sodium peroxide)
not specified] -158100 electrolytic cell Chatterji 51
and Smith
not specified| -148600 electromotive force Schuhmann52
measurements
not specified| -167400 decomposition Simon and
pressure Thaler53
a and O.
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Sb203(cubic) = Sb203(orthorhombic) (4F)

have been selected, the AH® value for cubic Sb,0

£,298 273
is fixed as follows

At the transformation temperature (Ttr)

AH® = AH°

txr £,T (Sb

)
er 273 (orthorhombic)

- ]
AH £,T (Sb 3(cublc))

tr

= AH°® (Sb

£,298 O3 (orthorhombic)’
T
ot Cp° (Sb
298

+ 3(orthorhomb1c)) dr

- AH® 8 (Sb

£,29 O3 (cubic)’

T
I tr
298

+ Cp° (Sb

3(cub1c)) dT

Since it has been assumed that

Cp® (Sby03 (cubic)) = CP° (80303 (orthorhombic)’
AH®, . = BH®¢ 598 (50503 (orthorhombic)’
= AH%g 298 (59293 (cubic)’
Therefore
BE®¢ 298 (SP203(cubic)) = 2%°¢,208 (52203 (orthorhombic)’
- AHO

tr
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Using the previously selected values

AHof,298 (Sb203(orthorhombic)) = -169380 cal/mole

AH°tr = 1000 cal/mole
the heat of formation of cubic szo3 at 298 K is calculated
to be
o = - .
AH £,298 (Sb203(cubic)) 170380 cal/mole.

The calculated AH°f 298 value of -170380 cal/mole is in
'

fair agreement with Roberts and Fenwick's experimental

value of -168870 cal/mole. However, since the selected

. o .
experimental values of AH £,298 (Sb203(orthorhombic))

and AH°tr are believed to be more accurate than Roberts

3 -1 Q . .
and Fenwick's AH £,298 (SbZO )) value, and it is

3(cubic
necessary to be consistent with the heat capacity assump-

3 o
tion, the calculated AH £,298 (Sb203(cubic)) value of
-170380 cal/mole was selected for use in this study.
-] p . 3
A summary of the Cp°298 and S 298 data for cubic and

orthorhombic Sb203 is given in Table 4.13. The only

Cp°298 data in the literature is the value of 25.15 cal/

deg-mole reported by Anderson23 for orthorhombic Sb203.

There is considerable discrepancy in the s°298 values for

Sb203. Chatterji and Smith's51 s°298 value for solid
szo3 was calculated by extrapolation of high temperature
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(798 - 1023 K) electrolytic cell data for Sb203 formation.
It is believed that extrapolation to 298 K from such high
temperatures introduces considerable error in the value.

In addition, Chatterji and Smith do not specify the form of
the oxide in their results. Behrens41 and Chang and

56 have detected systematic errors in Gorgoraki

and Tarasov’s55 calorimetric measurements on Aszo3, and

Bestul

indicate that these errors also affect the reported calori-
metric,data,for.sb203. Based on these observations,
Anderson's S°298 value of 29.4 * 0.4 cal/deg-mole for

orthorhombic Sbéo3 was selected for use in this study.

The following procedure for calculating the S°298
value for cubic Sb,0, is similar in concept to the

previously described method for generation of a

AHof,298'(Sb203(cubic)) value.

Sb203(cubic) = Sb203(orthorhombic) (4F)

At the transformation temperature (Ttr)

o = o
AS AS £

tr (8b,0

, s )
,'l‘tr 3 (orthorhombic)

- AS°f,Ttr(Sb2°3(cubic))
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° =
85°r = B5°¢ 598 (5P303 (orthorhombic)
Ttr
Q
+29£ (Cp (Sb 3(orthor:homb1.c)))/T dT
- o
A5°¢ 298 (5P303 (cubic)’
Ttr
o
+ J (Cp° (Sb, 3(cublc)))/T dr
298
Assuming
o = °
Cp (Sb 3(cub1c)) Cp (Sb 3(orthorhomb1c))
Asotr = ASOf,298 (Sb 3(orthorhomb1c))
- 85°¢ 298 (SP203 (cupic)’
Since
AS°tr = AH°tr/Tt and Sb203(cub1c) and

Sb203(orthorhomb1c) are formed from the same

stoichiometric amounts of Sb(s) and 02(g)

S°598 (50503 cupic)? = 5°298(8P203 (orthorhombic)’

- °
AH® /Tey

Using the previously selected values

s° (Sb

298 3(orthorhomblc)) = 29.4 +* 0.4 cal/deg-mole

AHotr = 1000 cal/mole

Ttr = 879 K
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5°,98 (SP203 (cupic)) = 28-3 * 0.4 cal/deg-mole

The calculated S°298 value is only in fair agreement with
Gorgoraki and Tarasov's reported value of 31.65 cal/deg-mole.
However, since these authors' measurements are believed to
have been affected by systematic errors as discussed
previously, and in order to be consistent with the heat
capacity assumption, the calculated S°298'(Sb203(cubic))
value of 28.3 + 0.4 cal/deg-mole was selected er use in
this study.

There are no high temperature (> 400 K) heat content
measurements on cubic, orthorhombic, or liquid Sb2 3
available in the literature.

51

Chatterji and Smith report the following free

energy of formation equation from solid electrolytic cell

EMF data

= Sb,0 (4G)

2 8b 2(q) 293 (s)

(s)

AG°f (Sb203(s)) = -164340 + 57.62T (4.16)
(+ 400 cal/mole)
(789 - 1023 K)
It should be noted that these authors51 did not specify

the form of solid Sb203_for which their AG°f equation was

derived.
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4.3.1.2.2 Vapor species

The molecular structure of Sb406(g) has been studied

by Akishin and Spiridonev57 using electron diffraction.

The molecule has a tetrahedral structure (Td point_group).57

The Sb-Sb and Sb-0 bond lengths have been measured.57
Fundamentai vibrational frequencies of Sb406(g) are avail-
able from Beattie et al.'558 Raman spectra studies.

Thermodynamic functions for Sb406(g) have been calculated

by Behrens41 using data from the studies mentioned above.

4,3.1.2.3 Volatilization studies

4.3.1.2.3.1 Vapor composition

Vapor density measurements of Meyer and Meyer39 on

showed that the vapor contains
38

solid and liguid Sb203
primarily Sb406(g) molecules up to 1833 K. Biltz's
vapor density megéarements on solid szo3 confirmed the
sole existence of Sb406(g) in the vapor. Mass spectro-
metric studies by Norman and Staley40 at 550 - 730 K
revealed that Sb406(g) is the antimony oxide vapor species
above premelted szo3 samples. Kazanas et al.43 report
the presence of SboO, szon, Sb303, and Sb4o4 (n = 2,4-6)
molecules in the vapor above orthorhombic szo3 at

506 - 700 K from mass spectrometric studies. Non-

equilibrium laser mass spectrometric studies by Ban and

'Knox42 showed that the most abundant species in the vapor
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above cubic and orthorhombic szo3 are Sb3o4(g) and
41

Sb507(g). Behrens found that Sb406(g) is the antimony
oxide species in the vapor above Sb(s) samples in oxidizing
atmosphere by using mass spectrometry.

Based on the vapor composition data presented above,
Sb406(g) was selected as the vapor species above antimony
trioxides.

4.3.1.2.3.2 Vapor pressure

Summaries of the published vapor pressure studies on
cubic, orthorhombic, and liquid Sb203 are presented in

Tables 4.14 - 4.16.

4.3.1.3 Treatment of data

4.3.1.3.1 Condensed phases

Heat capacity equations for orthorhombic and liquid
60

Sb203 were estimated using Kubaschewski and Alcock's
techniques (see Appendix 3.D). It was assumed that the
heat capacity equation for cubic szo3 is identical to the
equation for orthorhombic Sb203. All the heat capacity
equations are given in Table 4.17.

Free energy of formation equations were derived for

the antimony trioxides using the thermodynamic relationships

given in Appendix 3.A and previously selected data. The
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Table 4.14
Summary of Vapor Pressure Data on
Cubic szo
Study Temperature Experimental
Range (K) Technique
. 44 .
Hincke 742 - 839 gas saturation
method
Jungermann and _
Plieth59 787 899 Knudsen method
Table 4.15

Summary of Vapor Pressure Data on

Orthorhombic Sb.,0

Study Temperature Experimental
Range (k) Technique
Behrens4l 626 - 731 Knudsen effusion
Hincke44 848 - 917 gas saturation
method
Jungermann and 813 - 929 Knudsen method

Plieth>?
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Table 4.16

Summary of Vapor Pressure Data on

Liquid Sb,0

273
Study Temperature 'Experimental
Range (k) Technique

Myzenkov and
Klushin

44

943 - 1298 boiling points

948 - 1173 gas saturation
method

Hincke

222
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Table 4.17

Heat Capacity and Free Energy of Formation Equations

for Cubic, Orthorhombic, and Liquid szo3

The following heat capacity equations were estimated

using the procedures in Appendix 3.D.

for cubic and orthorhombic szo

3
Cp°® = 27.85 + 0.00967T - 500000 (4.17)
T2' (cal/deg-mole)
for liquid szo3
Cp® = 27.85 + 0.00967 - 500000 (4.18)
2

T (cal/deg-mole)

The following free energy of formation equations were

generated using the procedure outlined in Appendix 3.A.

2 Sb(S) * 3/2 OZ(g) = Sb203(cubic) (4H)
AG°f (Sb203(cubic)) =-172780 -16.33TLOGT (4.19)
+ 115.01T
(cal/mole)

(298 - 879 K)

(continued)
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Table 4.17 (cont.)
2 Sb(s) + 3/2 O2(g) = Sb203(orthorhombic) (41)
AG°f (SbZOB(orthorhombic)) = =171870 (4.20)
- 16.72TLOGT + 115.16T
(cal/mole)
(879 - 929 K)
2 Sb(s) + 3/2 02(9) = Sb203(2) (4J)
AG°f (Sb203(£)) = -161580 - 24.23TLOGT (4.21)

+126.34T

(cal/mole)
(T > 929 K)
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AG°f equations are presented in Table 4.17. It must be
noted that these are not necessarily the adopted AG°f
equations. Later in the chapter, other methods of
generating AG°f equations for antimony trioxides will be

discussed.

4.3.1.3.2 Vapor species

Thermodynamic functions foer406(g) were calculated
using the statistical thermodynamic relationships given in
Appendix 3.C and the selected molecular constant and
vibrational frequency data presented in Appendix 4.B.

A table of the computed functions is presented in
Appendix 4.B.
The following heat capacity equation for Sb406(g)

was obtained by regression of the derived Cp°® values,

40 - 867480/T> (4.22)

(cal/deg-mole)

Cp® = 54.26 + 9.04 x 10

4.3.1.3.3 Volatilization studies

Based on previously reviewed vapor composition data,
it is assumed that Sb406(g) is the vapor species above
antimony trioxide up to 1833 K. Thus, the following

volatilization reactions can be written
























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































