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ELECTROCHEMICAL DETERMINATION OF THERMODYNAMIC PROPERTIES
OF BISMUTH SESQUIOXIDE AND STANNIC OXIDE

By Seth C. Schaefer!

ABSTRACT

The Bureau of Mines investigated the thermodynamic properties of Bi, 03 (bismuth
sesquioxide) and Sn0, (stannic oxide). Standard Gibbs energiles of formation (AGE®)
of these compounds were determined with high-temperature electromotive force (emf)
cells using stabilized Z2r0, (zirconia) as the electrolyte. Potential measurements

were obtained from the cell
W, Bi(R), Bi,03(«,8)//Zr0,//Cuy0, Cu, Pt,
with the overall cell reaction
2Bi(2) + 3Cuy0(c) = Bi,03(a,8) + 6Cu(c).
Similar measurements were obtained for the cell
Pt, Snoz!(junction), sn(l), Sn0,//Zr0,//Cuy0, Cu, Pt,
with the overall cell reaction

Sn(2) + 2Cuy0(c) = Sn0,(c) + 4 Cu(c).

Equilibrium oxygen pressures for the Bi~Bi,03-0, system were measured and are
expressed as

log pO, = ~20,267/T -+ 10.20 (740.2-975.7 X)
and log p0, = -18,534/T + 8.42 (1,017.4-1,080.5 K),

where pressure (p0O,) is in atmospheres and temperature (T) is in kelvins. Similar-
ly, equilibrium oxygen pressures for the Sn-Sn0,~0, system are expressed as

log p0, = ~30,258/T + 10.99 (814.6-1,236.6 K).

1Metallurgist, Albany Research Center, Bureau of Mines, Albany, OR.



Standard Gibbs energies of formation of Bi,0; and Sn0, were derived from these meas-
urements and auxiliary data from the literature. The results are expressed as fol-

lows:

AGE°(Big03,a) = (~139.100 + 69.99 x 1073T)+0.603 kcal/mol (740.2-975.7 K),

AGf°(Biy03,8) = (~127.210 + 57.78 x 10'3T)i0.606 kcal/mol (1,017.4-1,080.5 K),

and

AGE°(Sn0,) = (-138.450 + 50.28 x 10'3T)i0.415 kcal/mol (814.6-1,236.6 K).

The standard enthalpies of formation of Bi;03, and Sn0O,, derived by the third-law
method, are

AHf$9g(B1503,8) = -135.697%0.603 kcal/mol
and AHES9g(Sn0y) = -137.462%0.450 kcal/mol.
INTRODUCTION

Thermodynamic properties of Bi,0; and Sn0, were investigated by the Bureau of
Mines as a part of its program to expand the base of scientific information needed
to devige Iinnovative technologies. Bismuthite (Bi,03) and bismuthinite (Bi,S3) are
the most common bismuth minerals; they are generally assoclated with lead and copper
minerals. Bismuth is recovered as a byproduct during the extraction and refining of
lead and copper. Bismuth is used in pharmaceutical products, as catalysts for plas-—
tic manufacture, in ferrous and aluminum industries to improve machinability, as an
aid to casting iron, and in production of low-melting-point fusible alloys for fire—

extinguishing systems.

The only mineral of commercial importance as a source of tin is cassiterite
(Sn0y) (l).z Cassiterite is usually found in placer and eluvial deposits. 1In plac—
er deposits, cassiterite is relatively free of impurities because it has greater
resistance to weathering than do the minerals originally associated with it. Tin is
used in coatings for steel cans, in solders for joining pipes or electrical conduc~
tors, and In alloys for widely diversgified applications. Although some of the
demand for tin in the United States is satisfied by secondary scrap metal, most of
the tin requirements are met by imports from Malaysia, Thailand, Boliva, and

Indonesia.

Results of numerous investigations of the Bi-Biy03-0, system (gfli) have been
reported in the literature; however, inspection of these data shows considerable
disagreement in the thermodynamic properties of Bi,03 at high temperatures. Compar-
isons of the enthalpies of the phase transition («¢-8) and fusion (8-%) show large
disparities, even in data by different authors using essentially the same technique.
Variations in the results are probably related to experimental difficulties that are
caused by the corrosive nature (2) of the high~temperature (86) phase and molten
Bi,03, in addition to the hysteresis effects that are prevalent in the (& to &)
phase transition during heating and cooling cycles. Consequently, accurate measure-
ments of thermodynamic properties are difficult to obtain at high temperatures.

2Underlined numbers in parentheses refer to items In the list of references at
the end of this report.



Thermodynamic properties of the Sn-Sn0y-O, system have previously been investigated
by calorimetry (15-16), gas equilibration (17), and emf (18-21) techniques. Results
from combustion calorimetry are subject to error because incomplete oxidation of Sn
to $8n0y complicates analyses of the mixed reaction products. Difficulties in
achieving equilibrium gas composition at the reaction site lead to erroneous results
from gas equilibration techniques that fix the oxygen pressure in a flow system.
Emf measurements are complicated by corrosion of the Zr0, electrolyte and also at
the junction of the liquid Sn + Sn0, electrode. Selection of an inert junction is
required to obtain accurate open—circuit potentials for the cell reaction. The emf
method used by the Bureau was designed to obtain accurate equilibrium dissociation
pressures of metal-metal oxide systems. This method permits direct determination of
the thermodynamic stability of these systems and Gibbs energies of formation of
oxides from the elements at high temperatures.

Application of stabilized ZrO, as a selective solid-anion electrolyte has been
demonstrated in determining Gibbs energies for cell reactions involving metal-metal
oxide systems at elevated temperatures (22). Within the limitation of the ionic
domain of stabilized Zr0,, any equilibrium involving oxygen may be investigated by
this technique (23). The method is based on the measurement of the difference in
chemical potential between the known oxygen potential of the reference electrode and
the oxygen potential of the electrode to be determined. 1In this investigation, the
difference was measured between the oxygen potential of a reference electrode con~
sisting of a 1:1 molar mixture of Cu + Cuy0 and the oxygen potential of an electrode
consisting of a 1:1 molar mixture of Bi + Bi,03 or Sn + Sn0,. The standard states
are the saturated coexisting phases. The transference number of oxygen is essen-—
tially unity in the range of oxygen potential of this investigation (23). The rela-
tionship between the open-circuit potential of the cell and the Gibbs energy change
for the actual cell reaction is

AG(reaction) = -nFE, (H

where AG is the change in Gibbs energy for the cell reaction, n is the number of
electrochemical equivalents in the reaction, F is the Faraday constant (23.061 cal/
mV equivalent), and E is the emf in millivolts.

EXPERIMENTAL WORK
Materials

High-purity reagents were obtained from commercial sources and used without
further purification. Analyses of these reagents were confirmed and are presented
in table 1. Ultra-high-purity argon was passed through Mg(Cl0,), (magnesium per-
chlorate) and purified of residual oxygen by passing over hot titanium—zirconium
chips to provide an inert atmosphere in the cell for the electrodes.

Apparatus and Procedure

Internal arrangement of the cell components is illustrated in figure 1. The
apparatus, potentiometer, and standardized thermocouple have been described in pre-
vious publications (24). The reference electrode was a 1:1 molar mixture of Cu plus
Cus0 and the electrode of unknown oxygen potential consisted of a 1l:1 molar mixture
of Bi and Bi,03 for the Bi,O3 determination or a 1:1 molar mixture of Sn and Sn0,
for the 8n0, determination. The cell was purged with argon and then evacuated
before being backfilled with argon. Flow rate of the argon was approximately 15
cm3fmin, and a positive pressure of approximately 30 Pa was maintained throughout
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TABLE 1. - Impurities detected in reagents

Reagent and Reagent and Reagent and
impurity elements’ wt pet impurity elements' wt pet impurity elements! wt pet
Sn: Cu: Bi,0,:
COrerennonossosneesees .05 Alesenerenrransansess <0.0% Breevennannsenennnans 0.001
Clsvsvesossoncansonss 0002 Hiveonornscssnssnsnnn .0033 Clsnsrnnasnes B ¢
- .005% O.eevss trseenanen vens L0913 o teesessenas .005
o .000% Sicererneans cesenaaas <.0 Mgeesrieoaanaeases wess 0009
PBeiiisanocanneens oo .05 Bi: Pbeeeuonn sesaesasnnae .05
Zn..... chvesesssanses .03 Clesunrsnrnssorannse . . 0002 3 .002
5n0, 2 FBusoorevssnnnsssnans .003 Cu, 0t
CBeverensonsssnannnnse .05 Phevanssnrnsnsssneses <£.005 Brveosorennenenaneses <.003
F@uveavonnaennnnne ‘e Q05 A s
PhDevececcscnsvseccasan .03 Nicsviveweasesnsnenass <.03

mpurities not detected by spectrochemical analyses, except as noted in the table, were Ag, Al,
As, B, Ba, Be, Bi, Ca, Cb, Cd, Co, Cr, Cu, Fe, Hf, Li, Mg, Mn, Mo, Na, Ni, P, Pb, Sh, Si, Sn, Ta, Ti,
vV, W, Zn, and Zr.

the entire experiment. The emf measurements were made with a Keithley3 model 642
high~input impedance digital electrometer. The cells were heated to approximately
1,000 K and permitted to stabilize for 12 h. Reversibllity of the cell reactions
was checked by approaching equilibrium from temperatures above and below a specified
temperature, Cell response to temperature change was rapld, and potentials stabi-
lized within 1 h after steady-state temperature was obtained. Measurements were
obtained over a period of 2 days and repeated two or three times before the cell was
dismantled and the electrodes were vemoved for X-ray analyses. Reproducibility was
checked by obtaining measurements from several cells for each determination. Pre-
liminary tests established that tungsten was a satisfactory material to contact the
Bi(X) + Bi,03 electrode at temperatures up to 1,080 K, but it became embrittled
after prolonged exposure at higher temperatures. Other materials tested, including
Pt, Fe, Mo, Ta, Re, and Nichrome, were either dissolved or severely corroded by
l1iquid bismuth. No stable or reproducible potentials could be obtained. Conse-
quently, investigation of Bi,0; was lim-—
ited to the a~ and d-phases in the temper-
ature range 740.2 to 1,080.5 K, and no
measurements were obtained for the liquid
Bi, 03 phase. Measurements were made to
determine the platinum—-tungsten thermo- _ . .. .
2y

couple effect, and appropriate corrections #&%&%ﬁem“
were applied to all emf measurements for

the Bi,03 determination. Corrosion prob—  AlOscrucible~.
lems at the junction of Sn(R) + Sn0, were

resolved by using SnO, that was compacted

into a cylinder 10 mm long and 4 mm in

Thaermocouple leads Xf 7E|ecirode leads

Al,O; tube ~~—___ =]

N

/Argon

el Cu- LU?O
{reference
electrode)

Metal— metal
" oxide elecirode

diameter. These compacts were sintered at i L5
1,200 K, and a platinum extension wire was '
attached to the top of the Sn0y compact. FIGURE 1, - High-temperature galvanic cells

3Reference to specific trade names does not imply indorsement by the Bureau of
Mines.
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Only the 8Sn0, was immersed in the Sn(R) + Sn0, electrode. Sn0y is an electronic
conductor under the conditions of this investigation (25). Resistance of this junc-
tion decreases with increasing temperature and decreasing oxygen pressure. Measure-
ments were made to determine the Pt-Sn0O,-Pt junction potential, and these correc-
tions were applied to all emf measurements for the SnO, determination.

RESULTS AND DISCUSSION

Bi,04

The equilibrium oxygen pressure for the Bi-Bi,03-0, system and the standard
Gibbs energy of formation of Bi,0; were determined by measuring the potentials of
the reversible galvanic cell

W, Bi(l), Biy03(«,8)//Zr0,//Cuy0, Cu, Pt,
with the overall cell reaction
2Bi(X) + 3Cuy0(e) = Bij03(x,8) + 6Cu(c). (2)
Potential measurements from three cells that were used for the Bi,0y determina-

tion are given in table 2. These results may be expressed as a function of tempera-
ture by the least squares equation and standard error of estimate as follows:

E = (135.326 - 0.132234T)10.46 (740.2~-975.7 K) (3)

and E = (49.396 - 0.044001T)*0.61 (1,017.4-1,080.5 X), (4)

i

where E is emf expressed in millivolts. Smooth emf data derived from equations 3
and 4 are given in columns 4 and 8 of table 2. Representative emf-versus—tempera-

ture data are illustrated in figure 2.

The equilibrium oxygen pressure, pO,, over Bi(&) + Bi,03 is determined from the
potential measurements for cell reaction 2 and may be expressed as

05(g, over Cu + Cuy0) 40
= 0,(g, over Bi(R) + Biy03). (5) 0 !
The corresponding standard Gibbs S5 \o Ny
energy change, AG°, for reaction 5 is 30 \) N
‘&Go(reaction 5) = -nFE % o5l \O\/Q'Biaoa (stable phase) B
= RT &n pOy — RT in po03, 6y . 4
Yook N .
where n is 4, F is the Faraday constant, 0w 20 O\
E is the emf from equation 3 or 4, and = 151 o) 1
p05 1s the oxygen pressure over the - \o
reference electrode (Cu + Cu,0). Pres— 1ok \o |
sures are expressed in atmospheres. In \
the temperature range 800 to 1,200 K, the 5| gygiyﬁ““mﬂm‘m"\*o . |
standard Gibbs energy of Cu,0 derived $-Bi,05 (stable phase) Do
from a critical amalysis of all published o) | | [ ©
data (26) is expressed as 700 800 900 1,000 1,100
TEMPERATURE, K
AGE (Cup0) = (-40.125 + FIGURE 2, = Emf (E) versus temperature for

17.23 x 1073T)$0.200 keal/mol, (7) 2Bi(2) + 3Cu,0(c) = Bi ;04(c) + 6Cu(c)s



TABLE 2. - Emf (E) of cells W, Bi(%), Bi,0,(a,8)//Zr0,//Cu,0, Cu, Pt

Tempera- Emf (E), mV Tempera- Emf (E), mV
Measurement ture, K Measured® |Calculated® || Measurement | ture, K Measured®  [Calculated®
Teveessaaenes 740.2 37.18 37.45 23 ieenrnccans 927.0 12.26 12.75
Zieievnenases 742.3 36.21 37.17 28, 0c00nnnnns 927.2 12.56 12.72
Jesocerroases 742.4 37.49 37.16 25 ciessaronne 928.2 12.48 12.59
Bevovonoosans 769.0 33.50 33,64 260 cecesnnnnsn 950.5 9.42 9.64
Seenseccaaas . 771.1 33.62 33.36 27 acoressnone . 951.5 9.23 2.51
Borvesnnssnnne 771.5 32.52 33.3 28.iinaaacs e 952.1 9.22 9.43
Tovsnans ceses 797.7 29.88 29.84 29 ciinnssnnn . 974.8 6.43 6.42
Bovervnsonnes 798.0 30,35 29.80 300 uiesnsacsnns 975.1 6,55 6.39
Devannoenes .o 799.1 29.18 29.66 3eieanencnns . 975.7 6.23 6.31
T0isnceeoeenns 825.3 26.54 26.19 3Z2usasnsenneest 1,017.4 5.12 4.63
Tl sevacresnoes 825.6 26,85 26.15 b 3 J 1,027.4 4,21 4,19
T20s0vencanana 827.2 25.90 25.94 3diiescenense .| 1,036.0 3.61 3.8
K T 851.8 23.57 22,69 3 e cenrcnnanas 1,045.8 2.96 3.38
L TP 852.3 23.15 22.62 36ucsnvnssanas| 1,046.1 4,28 3.36
T canesesvscen 854.3 22.41 22.36 37cenenesesess 1,050.8 3.03 3.16
16ssteveceaane 876.4 19.23 19.44 3Bieeresseseeee] 1,053.9 2.45 3.02
T eerrecscnnes 878.5 19.25 19.16 39 ecenrssnnss| 1,059.9 2.41 2,75
MBassveesaneos 879.1 20.20 19.08 40.ssvsneneass| 1,064.0 1.85 2.57
19 vecannsonss 902.7 15.72 15.96 [ .1 1,068.7 1.81 2.37
200 00s0v0nnns 903.0 15.50 15.92 42, 0iveasneess] 1,075 2.74 2.09
A [P 903.9 15.62 15.80 43, 0userveesss| 1,080.5 2.69 1.85
22 0inorvens .o 904.5 15.91 15.72

*Average of 2 measurements (£0.005 mV) taken at 20-min intervals and corrected for cell calibration
and W-Pt thermocouple potential.

*Calculated from equations
E = (135,326 - 0.1322347)20.46 (740.2-975.7 K)

and E = (49.396 - 0.0440017)£0.61 (1,017.4-1,080.5 K).

and the dissoclation pressure of oxygen, poé, over Cu + Cuy0 in equation 5 may be
expressed as

log p0; = ~17,539/T + 7.53121. (8)

Rearranging equation 6 and substituting values of p0; from equation 8 and E from
equation 3 or 4 yields

]

log p0y = =-20,267/T + 10.20 (740.2-975.7 K) (9)

it

and log p0O, = -18,534/T + 8.42 (1,017.4~1,080.5 K). (10)

Figure 3 illustrates the thermodynamic stability of the Bi-Bi,03-0, system in the
temperature range 740.2 to 1,080.5 K. A phase transition (a-0) of Bi,0; was detect-
ed at 974 K. Reaction 5 and equation 6 are independent relationships that are
applicable to any equilibrium involving oxygen. These values of p0, at the reaction
gite are the key for computing the standard Gibbs energy change for the reaction

2Bi(L) + 1.5 05(g) = Bi,03(a,8) (11)

from the relationship



AG°(reaction 11) = -RT 2 Ky,

= 1.5RT &n pOy, (12)
TEMPERATURE, K
where Kj; is the equilibrium constant for 800 [,000 1,200
reaction 11, and the condensed phases are 8 I ' ! ' |
assumed to have unit activity. Linear 8-Bi05 (stable above O
equations expresslag the oxygen pressures 1o+ ?Zﬁ)wK);g;;B;(a)%(smb!e .
and the corresponding standard Gibbs energy O&?hose trans-
change for reaction 11 are given in table E / (8;20';('()’"
3. Results at specified temperatures from © D |- -
this dnvestigation together with those of & o
previous iInvestigators are given in table %’_ .
4. Agreement is favorable in the tempera- 14+ Bi (I, stable) -]
ture range 800 to 900 K for a-Biy03; how- b4 o
ever, variation in the results becomes more 1
evident at higher temperatures and is prob- 16 [ / 7
ably attributable to the side reactions of o
the high-temperature (8) and liquid Bip Oy 18 i | | | |
phases with the containers or cell compo- 14 13 1.2 1.1 10 0S8 08
nents. 103/T, K™
X—ray diffraction ana]_yses of elec— FIGURE 3 - Equilablum diagram for Bi-Bi203-02
trode products are given in table 5. The  systems
TABLE 3. - Thermodynamic data for 2Bi(g) + 1.5 0,(g) = Bi, 0, @,5,%)
Standard Gibbs
Temperature energy change, cal®
Method range, K log p0,, atm AH°® -AS° Reference
EMFevrrnerenrocsoenne 740,2- 975.7 -20,267/7+10.20 -139,100 | 69.99 This work.
1,017.4-1,080.5 ~18,534/T+ B.42 ~-127,210 57.78 Do.
B85 -~ 991 ~20,928/71+10.98 -143,640 75.34 Mehrotra (1_2_).
991 -1,095 -19,420/T+ 9.45 -133,290 | 64.89 Do.
1,095 -1,223 -17,373/T+ 7.58 -119,240 | 52.85 Do.
793 1,093 -19,508/T+ 9.24 -133,890 63.43 Chatterji (4).
773 - 973 ~21,925/T+11.65 ~-150,480 79.94 Rao (_1_2_).
1,073 1,223 ~14,468/T+ 4.52 -99,300 | 3 Hahn (7).
949 -1,076 -19,626/T+ 9.32 ~-134,700 64 Cahen (3).
1,003 1,098 -19,591/T+ 8.81 -134,461 60,49 Siderov (14).
Mass spectrometric... 1,100 -1,193 -18,810/7+ 8.10 -129,101 55.61 Do.
545 ~1,003 -20,234/T+10.03 -139,559 68.85 Pankratz (26).
Calorimetry.eeseesa.. 1,003 -1,098 -19,079/T+ 8.78 -130,950 | 60.26 Do.
1,098 -1,300 -18,340/T+ 8.11 -125,877 | 55.64 Do.

AG®(reaction) = AH® - TAS®.

TABLE 4. - Standard Gibbs energy change {-AG®) for 2Bi(R) + 1.5 0,(g) = Bi,04(a,8,L), kcal/mol Bi,0,

Tempera-~ This
ture, K | Phase! |Mehrotra(12)|Chatterji(4)|Rao(13)|Hahn(7)|Cahen(3)|Siderov{14) Pankratz(26} | work
740.2 o ND ND ND ND ND ND 88.693 87.293
800 o ND B3.146 86.528 ND ND ND B4.483 83,108
900 a 75.834 76.803 78.534 ND ND ND 71.574 76.109
1,000 8 68.400 70.460 ND ND |70.700 73.91 70.714 69.430
1,100 % 61.985 ND ND |65.200 ND 67.930 64.671 ND
1,200 2 56,780 ND ND |62.100 ND 62.369 59.108 ND

ND Not determined.
lphase tremsition (0 to 8) detected at 974 K; AH transition = 11.890 kcal/mol.



TABLE 5. - X-ray diffraction analyses of samples for Bi,0; cell

Parametric measurementst

Phase
identi- a b c 8
Sample fied Crystal structure ° ° ° Card®
Reagents:
Cuseersssnaa]Clicasnse Cubicsecarensasas|3.615 NAp NAp NAp| 4-836
Cu,0uvuvnsns]Cu,0.... veelOevucvnnnnnss 84,2696 NAp NAp NAp| 5-667
BicewsseeaeoBisssnan Hexagonal........|4.546 NAp|11.860 NAp| 5-0519
Bi,0yevee...1Bi, 0,0, Monoclinic.......|5.848 8.166 7.510 113 27-53
Electrodes:
Cathode..ves |CULuas . CUbiC.essansrna..|3.613 20,001 NAp NAp NAp| 4-838
Cu,0.... veel0ceavensreeas |4.268F ,001 NAp NAP NAp| 5-667
Anode......s [Biceose. Hexagonal........|4.5455% 0009 NAp|11.861:0.002 NAp| 5~0519
Bi,0,... Monoclinic.......|5.854 % ,003 | 8.187£0.005] 7.518t .004]112.86t0.001|27-53

NAp Not applicable. .
YParametric measurements~~aa, bo, and c, expressed in angstroms (A) and B expressed in degree (°)--

for reagents were obtained from the literature.
?Numbers refer to data file cards of Joint Committee of Powder Diffraction Standards, International
Centre of Diffraction Data, Swarthmore, PA.

results showed no major change in lattice parameters between the reagents and the
components in the equilibrated electrode mixtures. The lattice parameter of a solid
solution generally changes with the composition up to the saturation limit and then
remains constant beyond that point. Solubilities of oxygen in copper have been
reported as 0.0018 and 0.0136 at. pct at 1,073 and 1,250 K, respectively (27).
Maximum solubilities of oxygen in liquid bismuth have been reported as 0.0151 and
0.0341 at. pct at 1,073 and 1,223 K (28). Consequently, the intersolubility is
negligible, and the assumption of unit activity for the reactants and products does
not introduce any appreciable error in the Gibbs energy of formation of Bi,0; in the
temperature range of this investigation. The standard Gibbs energy of formation of
Bi, 03 may also be determined from the cell potentials of reaction 2 and the rela-
tionship
AG°(reaction 2) = -nFE = AGE°(Bi,03) - 3AG£°(Cu,0). (13)

In equation 13, n 1s equal to 6. Rearranging equation 13 and substituting the value
of E from equation 3 or 4, and the standard Gibbs energy of formation of Cuy0 as
given in equation 7, yields

AGf°(Bizog,a) = {~139.100 + 69.99 x 10"3T)t0.603 kecal/mol (740.2-975.7 K) (14)
and
AGf°(31203,6) = (~127.210 + 57.78 x 10”3T)t0.606 kecal/mol (1,017.4-1,080.5 K). (15)

Equations 14 and 15 are identical to the results derived from equation 12 and given
in colums 4 and 5 of table 3. This i1s to be expected because the standard Gibbs
energy of formation of Cuy0 is involved in both methods for resolution of the Gibbs
energy of formation of BiyO3. A phase transformation (a - 8) in Bi,03 occurs at 974
K. An enthalpy of approximately 11.890 kcal/mol Bi,O3 is associated with this tran-
sition. These results compare with enthalpies for this transition of 7.06 (8), 9.9
(9), 10.35 (12), 13.6 (13), and 27.9 (6) kcal/mol, and tramsition temperatures of



978 K (13), 9907 (6), 991 (12), and 1,003 (8-9). Discrepancies in these results
are probably caused by experimental problems assoclated with the determination of
properties of the high-temperature (Bi;03,6) phase, which were previously discussed.

A third-law analysis using equation 14 for the Gibbs energy of formation of
(Bip03,0) combined with entropy and enthalpy data for Bi (26), 02 (26), and BijO3

(26) yields
AHfS5gg = -135.697%£0.603 kcal/mol, (16)

where the standard states are pure crystalline Bi and Bi,O3, and gaseous Oy at unit
fugacity. This value compares favorably with ~137.160%0.30 kcal/mol, which has been
reported in the literature (gg) and is based on data obtained from combustion calo-

rimetry (11).

Sn02

The equilibrium oxygen pressure for the Sn-Sn0,-0y system and the standard
Gibbs energy of formation of Sn0, were determined by measuring the potentials of the
reversible galvanic cell

Pt, SnO, (junction), Sn(l), SnO, //Zr0,// Cuy0, Cu, Pt,
with the overall cell reaction
Sn(l) + 2Cus0(c) = 8n0gs(c) + 4Cu(c). (17)

Potential measurements from three cells that were used for the Sn0, determina-
tion are given in table 6. These results may be expressed as a function of tempera-
ture by the linear equation and standard error of estimate

E = (630.94 - 0.17154T)*1.21 (814.6-1,236.6 K), (18)

where E is emf in millivolts. Potential measurements and their corresponding smooth
values derived from equation 18 are given in columns 3, 4, 7, and 8 of table 6.
Representative emf-versus-temperature data are illustrated in figure 4.

The equilibrium oxygen pressure, pOo, over Sn() + SnO; is obtained by the
method previously described for reaction 5. Rearranging equation 6 and substituting
values of p05 from equation 8 and E from equation 18 yields

log p0, = -30,258/T + 10.99 (814.6-1,236.6 K). (19)

Figure 5 illustrates the thermodynamic stability of the Sn-Sn0,~0; system in the
temperature range 8l14.6 to 1,236.6 K. The standard Gibbs energy change for the

reaction
Sn(l) + Oz(g) = SHOQ(C) (20)

is obtained from the relatiomship

AG°(reaction 20) = ~RT fn Kyg = RT &n p0,p, (21)
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TABLE 6. - Emf (E) of cells Pt, Sn0, (junction), Sn(%), Sn0,//Zr0,//Cy,0, Cu, Pt

Tempera- Emf (E), mV Tempera- Emf (E), mV
Measurement ture, K Measured® Calculated? Measurement ture, K Measured’ Calcul ated?
: Teoesvenssans 814.6 492,73 491,20 3. c0evaneseas] 1,089.8 443.08 444.00
‘ 2estevrrrannse 842,7 489,05 486.38 3 esnssaeearnss] 1,108.7 440.79 440,75
% N 923.3 469.55 472.56 36.s00assesaes] 1,110.0 440,68 440,53
| Beviessossans 943,7 472.05 469.06 3lesersensneae| 1,111.4 439.36 440,29
x S eressnsavose 948.0 465.40 468.32 38iiecvesnenne] 1,129.9 436,98 437.12
X Bersosersasan 969.0 466.39 464,72 39 ciensasssess) 1,132.0 436.66 436.76
L Tersovaoaonns 970.5 462.28 464,46 40cavevneeness] 1,132.5 437.61 436.67
; Bevervieoonons 971.8 462.27 464,23 Gliassneeonsssl 1,133.1 436.35 436.57
; Fevrnvnoocnse 972.7 462.56 464,08 G20 00cennenena] 1,133.3 436,15 436,53
! 10ceervoncansa 993.2 462.75 460,57 B3, cevnnnnasan} 1,133.7 436.90 436.46
Tlecoreseonesne 994,5 461.14 460,34 4800uvurnensea) 1,133.8 435,55 436.45
; 120essaranasss 995.2 459.03 460,22 B5.iineensnses] 1,152.1 433,06 433.31
i 13 issnnssnansns 995.4 458,42 460,19 460 00vnanecess| 1,153,2 432.45 433,12
: Thevaressnsess| 1,018.0 457.50 456,31 87 civiennennns| 1,154.9 433.94 432.83
| 15¢0ensesaneas| 1,018.2 454,90 456,28 4B uevancannes] 1,155.1 | 432.73 432.79
i 160vesssnnanss] 1,019.1 455,79 456.12 49.0eisannness| 1,155.2° 432,53 432.78
i 17eesseosnases| 1,039.9 451.79 452,55 50uieernansess) 1,155.9 433,92 432.66
‘ 180uesvsennesss| 1,041.3 453,47 452,31 51eennssnnenns| 1,175.2 430,23 429.35
. 19crissnesesss]| 1,041.4 450.67 452,30 520usseanvenss| 1,175.9 428.63 429,23
i 20c.ivssnences] 1,041.5 452,07 452,28 53eesescenvess]| 1,176.7 428,72 429.09
i 2Teeeersenenas| 1,042.0 453,26 452,19 58ciiivsnesses} 1,177.3 428.41 428,99
221c0easneeeas] 1,042.4 452.86 452,13 55 euarsanenss| 1,177.5 430.21 428,95
23 ieesnssens| 1,043.2 450.95 451,99 56.riiereerens| 1,196.4 425.12 425.71
240 00visersnss] 1,043.6 452,95 451,92 5T esveesnaesse]| 1,196.6 426,52 425.68
25, cansssanass]| 1,063.4 448,95 448,52 58esassrencass| 1,197.4 425,21 425.59
260.0svennnera] 1,065.4 448.63 448,18 59 cnesnnesans| 1,197.9 426,60 425.45
27vevnvenvesesl 1,066.8 446,91 447,94 60.00svennnssa] 1,198,0 424,80 425.44
’ 28ucaererasaes| 1,067.2 448,81 447.87 6Tecevosnensas| 1,216.2 423,22 422,31
3 29 suanssnesns| 1,086.1 444,92 444,63 62.000ss0ssessl 1,217.0 421.71 422.18
g 300 aeeanesees| 1,086.8 444.81 444,51 63ccesrnrennss] 1,217.3 421,40 422,12
g 3luesersecasss| 1,088.2 444,50 444.27 Bhrsaranssessel 1,217.5 423.21 422.09
32.0u00se0se0s| 1,088.8 443,79 444,17 65connenenenns| 1,236.6 418.11 418.81
33 ivevecansssf 1,08%.4 445.47 444,06
TAverage of 2 measurements (£0.05 mV) taken at 20-min intervals and corrected for cell and junction

calibration.
j 2Calculated from linear equation E = (630.94 - 0.171547)%1,21.

where Kyg is the equilibrium constant for reaction 20, and the condensed phases are
assumed to have unit activity. Linear equations, expressing the standard Gibbs
energy change for reaction 20, obtained from this study and those derived by pre-
vious investigators are given in columns 4 and 5 of table 7. Results at specified
temperatures are presented in table 8. Agreement of the results is good considering
the experimental difficulties such as the corrosion problems at the junction of the
Sn(l) + Sn0, electrode that were encountered in the emf investigations (18-21), the
incomplete oxidation of Sn to Sn0p by the combustion calorimetry method (15 16), and
the uncertainty in achieving equilibrium by the gas—phase equilibrium. technique
(17). Slight discrepancies in the results are probably caused by side reactions
with the containers, impurities:in the reagents, and errors in analyses of the com-
; bustion products.
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X-ray diffraction analyses of elec- 500
trode products are vreported in table 9. ! | I !

The results showed no major change in lat-
tice parameters between the reagents and 480 s

the components in the equilibrated elec~

trode mixtures. Further evidence concern— = ~

ing the limited dintersolubility of the E 460 o\o —
condensed components in the Sn(l) + Sn0Oj m" N

electrode is given in the literature (18, <= o\

28-29).  Consequently, the assumption of . 440 0\ —
unit activity for the condensed phases in uEJ o

reaction 17 does not introduce any appre- N
ciable error in the Gibbs energy of forma- 420 o
tion of Sn0, in the temperature range of

I 3 | |

this dinvestigation. The standard Gibbs 400
energy of formation may alsoc be derived 800 900 1,000 (,100 1,200 1,300
TEMPERATURE, K

from the cell potential measurements for
FIGURE 4, = Emf (E) versus temperature for

reaction 17 and the relationship
AG°(reaction 19) = -nFE Sn(£) +2Cu,0(c) = Sn0y(c) + 4Cu(c)s
= AGE°(Sn0,) — 2AGE°(Cuy0).  (22)

In reaction 17, n is equal to 4, F is the

Faraday constant, E 1is from equation 18, TEMPERATURE, K
and AGf°(Cuy0) is from equation 7 (26). 800 1.O00 1,200
Rearranging equation 22 and solving for |2 I I . I i . i
AGE£°(Sn0,) yields

AGE®(Sn0,) = (-138.450 + 50.28 x 1073T) |4 - o
+0.415 keal/mol (814.6-1,236.6 K).  (23) /

Equation 23 is identical to the results 16
from this investigation that were obtained O
from equation 21 and given in columns 4 and S stable

5 of table 7. Both procedures for resolu— — n02( able)
tion of the standard Gibbs energy of Sn0Oy
involve the standard Gibbs energy of forma-

=

ey

2 o
tion of Cuy0 as given by equation 7. ON

Q.

o

o

|

A third-law analysis of the above
Gibbs energy of formation of SnO,, combined
with entropy and enthalpy data for Sn (26),
0y (26), and Sn0, (26), yields a standard
enthalpy of formation of Sn0, 24 — —

2
20| Sn (I, stable)]

AHf59g = —-137.462%0.450 kcal/mol, (24)

where the standard states are pure crystal-
line Sn(B) and Sn0,, and gaseous 0, at unit | ; ! |
fugacity. Close agreement exists with the 28

values -138.82+0.08 (15) and -138.057 1.3 1.2 1.1 1.0 09 08
£0.038 (16) kcal/mol, which were the only 3 -1

direct measurements for the standard 10/ T, K

enthalpy of formation of Sn0O, by combustion FIGURE 5, « Equilibrium diagram for Sn-5n0,-0,

calorimetry. systems




TABLE 7. - Thermodynamic data for Sn{R) + Uz(g) = SnUz(c)

Standard Gibbs
Temperature energy change, calt
Method range, K log pQ,, atm AR -AS° Reference
EMfeuecocacesees erees] B814.6-1,236.6 ~30,258/T+10.99 -138,450 50.28 This work.
: 773 1,373 ~30,103/T+10.81 -137,738 | 49.48 Petot-Ervas (19),
; 770 - 980 -30,520/T+11.06 -139,650 | 50.60 Bedford (18).
v 990 -1,371 ~30,038/7+10.83 -137,444 49.56 Seetharaman (21).
ﬁ, 773 -1,173 -30,115/7+10.18 -137,797 49.77 Ramanarayanan (20)
Gas phase
equilibration.....| 806 -1,107 ~30,312/7+10.99 -138,698 | 50.28 Platteeuv (17).
Calorimetryieenasaeas ND ~30,324/T+10.77 -138,750 49.28 Humphrey (15).
ND ~30,158/T+10.77 -137.994 | 49.28 Lavut (16).

ND Not determined.
LAG® (reaction) = AH® - TAS°.

i TABLE 8, - Standard Gibbs energy change (-AG°) for Sn(%) + 0,(g) = Sn0, (c), keal/mol SnO,

Tempera- |Petot- Ramanara- This
b ture, K |Ervas(19)|Bedford(18)|Seetharaman(21)|yanan(20) |Platteeuv(17)[Humphrey(15)|Lavut(16)| work
? 800 98.154 99.170 97.795 97.981 98.474 99.326 98.570 97.486
‘ 900 93,206 94,110 92.840 93.004 93.446 93.446 94,398 93,205
1,000 88.258 89.050 87.884 88.027 88.418 89.470 88.714 88.163
i 1,100 83.310 ND 82.928 83.050 83.390 84,542 B3.786 83.134
§ 1,200 78.362 ND 77.972 78.073 | ND 79.614 78.858 78.114
i 1, 300 73.414 ND 73.015 ND ND 74.686 73.930 ND

4 ND Not determined.

TABLE 9. - X-ray diffraction analyses of samples for 5n0, cell

I

i

! Parametric measurements’

| Phase a c

i Sample identified Crystal structure ° ° Card?

g Reagents:

} Clvecevesree|Cleincecanrasnns] CUDICI s ssnenesnrsenenasvsansnaas]3.615 NAp| 4-836
Cu,Bu..ns T L P N I L P R R AT L oL NApl 5-667

. SNuvsesesese|SNusnssnsnanessrs| Tetragonal.cevesesoan ssressseres . |5.831 3.182 4-6739437

! SN0y eeennsee SN0, ceeeeneerse| vordOieiansniennsanns vaveeasas |B.73B 3.188 21-1250

1 Electrodes:

) Cathode.....|Cleeesen.. veveee] CUBIC i veeannnsousseansrenannases|3.613 20,001 NAp| 4-836

; CupOuvinnnnnneed] vendOueeirnerieinuinvasssnaensns(0.268 + o0 NAP| 5-667

g ANodesseere s |SNesvcarenvasens] TtTagonale.eeeensasanararasaasss|5.830 % ,003 13.18280.002] 4-673

3 SN0, e eveerrannee] oondDussesassoeceransiesnseeeness]t735 % 001 [3.183 .003] 21-1250

1 NAp Not applicable. .
i Yparametric measurements--expressed in angstroms {(A)--for reagents were obtained from the litera-

ture.
ZNumbers refer to data file cards of Joint Committee of Powder Diffraction Standards, International

Centre of Diffraction Data, Swarthmore, PA,
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SUMMARY AND CONCLUSIONS

Equilibrium oxygen pressures of the Bi-Bi,03-0, and Sn-8n0,-0, systems were
measured by a high-temperature emf method using a solid electrolyte tube of stabil-
ized ZrOp. The emf measurements yielded standard Gibbs energies of formation of
Bi,O3 and SnO, from the elements. The enthalpy and temperature for the « to & phase
transformation of Bi,03 were determined. These data for Bi,04 and Sn0, were compar-—
ed with previously reported measurements, and discrepancies were discussed. Stan~—
dard enthalpies of formation of Bi,O03 and SnO, were derived by combining results
from this investigation with auxiliary data from the literature.
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