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UNIT OF MEASURE ABBREVIATIONS USED IN THIS REPORT

A angstrom kcal kilocalorie
atm atmosphere kcal/mol kilocalorie per mol
cal/mol*K calorie per mole, min minute
per degree kelvin
mv millivolt
cal/mv calorie per millivolt
wt pct welght percent
h hour

K kelvin




ELECTROCHEMICAL DETERMINATION OF THERMODYNAMIC PROPERTIES
OF MANGANESE SULFATE AND CADMIUM OXYSULFATE

By Seth C. Schaefer '

ABSTRACT
The Bureau of Mines 1investigated thermodynamic properties of MnSOy and
2Cd0°CdSO, to obtain basic thermodynamic data applicable to the treatment of mineral
concentrates durlng roasting and sintering processes. Standard Gibbs energies of
formation were determined with high-temperature galvanic cells using stabilized Zr0,
as the electrolyte. Potential measurements were obtained from the cells
Pt, MnSO,, MnO, SO,(g, 1 atm)//Zr0,//05(g, 0.0111l atm), Pt,
Pt, MnSO,, Mn30,, SO,(g, 1 atm)//2r0,//05(g, 0.0112 atm), Pt,
and Pt, 2Cd0<CdSO,, CdO, SO,(g, 1 atm)//Zr0,//03(g, 0.0092 atm), Pt.
The overall cell reactions are, respectively,
2Mn0(c) + 2S0,(g, 1 atm) + 03(g, 0.0111 atm) = 2MnSO, (c),
Mn30,(c) + 350,(g, 1 atm) + 03(g, 0.0112 atm) = 3MnSO4 (c),
and 6Cd0(c) + 280,(g, 1 atm) + 05(g, 0.0092 atm) = 2[2CdO-CdSOy ](c),

where 0, refers to the indicated partial pressure of oxygen at the reference elec-
trode.

Equilibrium oxygen pressures for the Mn-S-0 system were measured and may be
expressed as

log po, = - 222848 4 24,67 (896.5-946.3 X)),
log p0, = - 262373 4+ 36.26 (971.2-1,104.1 K),
and log p0, = - 442020 4 33,63 (1,128.6-1,226.8 K),

where p0, 1s the equilibrium oxygen pressure in atmospheres and the temperature (T)
is in kelvins. An invariant point was determined at 960 K for the Mn-S—-0 system,
and a phase tranmsition of MnSO, was detected at 1,123 K. Similarly, equilibrium
oxygen pressures for the Cd-S-0 system may be expressed as

lMetallurgist, Albany Research Center, Bureau of Mines, Albany, OR.



log p0; = - 2231 4+ 27,61 (1,036.8-1,208.2 K).

Standard Glbbs energies of formation of MnSO, and 2Cd0°*CdSO, were derived from
these measurements and auxiliary data from the literature and may be expressed as

follows:

-260.609 + 91.41 x 10-3T * 0.169 kcal/mol (896.5-946.3 K),

4GE°(MnSO, )

-267.958 + 99.25 x 10~3T * 0.176 kcal/mol (971.2-1,123 K),

AGE®(MnSO, )

AGE® (MnSO,, ) -262.884 + 94.73 x 10~3T # 0.202 kcal/mol (1,123~1,226.8 K),
and AGE®(2Cd0+CdSO,) = -433.260 + 222.25 x 10~3T * 0.610 kcal/mol
(1,036.8-1,208.2 K).

The standard enthalpy of formation of MnSO,, derived by the third-law method is
AHfZ98 = =257.674 * 0.20 kcal/mol.
INTRODUCTION

Metal sulfates and basic or oxysulfates occur in nature or may be formed when
concentrates are treated in unit operations such as roasting and sintering. Selec-
tive sulfation has become an important metallurgical process, owing in large part to
the availability of the fluid-bed reactor, which permits close control of tempera-
ture and gas composition. A sclentific approach to sulfation chemistry requires
thermodynamic data of sulfation reactions in simple and complex systems.

As a part of 1its program to expand the base of scientific information required
to develop innovative technologies, the Bureau of Mines investigated thermodynamic
properties of MnSO, (manganese sulfate) and 2Cd0°CdO, (cadmium oxysulfate). These
data were developed for application 1in research efforts to maximize recovery of
important metals, with minimal energy requirements. The only cadmium mineral of any
importance 18 greenockite, CdS, usually assoclated with sphalerite in trace amounts.
Cadmium is recovered as a by-product in zinc and lead smelting and is used primarily
in production of alloys with low melting polnts. Manganese 1s an important alloying
element in steel production. Since the United States produces only a small percent-
age of 1ts manganese requirements, a great deal of attention has been given to
effective utilization of manganese and improved recovery from its ores. A compila-
tion (l;)z of sulfation equilibria shows a need for further study by modern tech-
niques to obtain thermodynamic data for MnSO,, and 2Cd®CdSO,, as well as for CdSOy,
FeS0,, and MgSO, .

The most commonly used method for determining sulfation equlilibria is the meas-
urement of total decomposition pressure within a closed system. However, desorption
of moisture from incompletely dried samples causes high pressure readings that
result in significant error when the total pressure 1s small. This method 1s also
subject to slight errors from thermal segregation of the gas species (8, 27). A
second method (12, 27) used to study sulfation equilibria is decomposition of the

ZUnderlined numbers in parentheses refer to items in the list of references at
the end of this report.



sulfate sample 1in the presence of substances that fix the oxygen pressure. 1In this
case, the total pressure 1s no longer subject to error from thermal segregation, and
the range of total pressure is adjusted by choice of a metal-metal oxide couple that
controls the oxygen pressure over the sulfate. A variety of flow methods (3, 25),
which employ a moving gas stream to fix the oxygen pressure, have also been used to
study sulfate reactions, but difficulties in achleving equilibrium gas composition
at the reaction site often yleld erroneous results. Differential thermal analyses
studies (l1) provide qualitative data to detect the onset of reactions in a sulfate
sample heated at a constant rate in a stream of SO, and O,. Calorimetric methods
have also been used (1, 23-24) to obtain standard-state data for sulfates and
oxysulfates of stoichiometric ‘composition. Prediction of chemical behavior by means
of calorimetric data can be seriously in error because the properties of the
hypothetical standard state may be quite different from the properties that exist in
actual equilibrium conditions for complex systems at high temperatures. Recently,
electromotive force (emf) techniques using a stabilized ZrO, (zirconia) electrolyte
were used to investigate metal oxide-metal sulfate equilibria (4-5, 17, 20, 28).

The emf method used by the Bureau was specifically designed to “obtain accurate
equilibrium oxygen dissociation pressures of metal oxide-metal sulfate or metal
oxide-metal oxysulfate systems. This technique permits direct determination of the
thermodynamic stability of these complex systems and Gibbs energies of formation of
sulfates and oxysulfates from their oxides at elevated temperatures.

Application of stabilized Zr0O, as a selective solid-anion electrolyte has been
demonstrated in determining Gibbs energiles for cell reactions involving metal-metal
oxide systems at elevated temperatures (13). Within the limitation of the ionic
domain of stabilized Zr0, (22), any equilibrium involving oxygen may be investigated
by this technique. The method is based on the measurement of the difference in
chemical potential between a reference electrode of known oxygen potentlial and the
oxygen potential of the electrode to be determined. In this investigation, the
difference was measured between the oxygen potential of a reference electrode
containing a certified standard of O, in nitrogen, and the oxygen potential of an
electrode consisting of a mixture of a metal oxide and its coexisting sulfate or a
metal oxide and 1its coexisting oxysulfate. The standard states are the saturated
coexlsting phases. The transport number of oxygen 1s essentially wumity in the range
of oxygen potential of this investigation (22). The relationship between the open-—
circuit potential of the cell and the Gibbs energy change for the actual cell
reaction is

AG(reaction) = -nFE, (1)

where AG 1is the change in Gibbs energy for the cell reaction, n is the number of
electrochemical equivalents in the reaction, F 1s 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 the results
are presented in table 1. Anhydrous-grade SO, and a certified standard mixture of
0, in nitrogen were used. Actual analyses for 0O, in Op,-nitrogen mixtures were
checked by the emf method. The O,-nitrogen mixture was dried by passing through
Mg(Cl0, ), (magnesium perchlorate), and the SO, was dried by passing through a column
packed with CaSO, (calcium sulfate).



TABLE 1. - Impurities detected in reagents

-1
Reagent and impurity ‘ Reagent and impurity
elements’ wt pct elements’ wt pct

MnO: MnSO, :

Aluminum..... vresnna g stet o ose 1o o <0.003 Magnesiumeseeseeosocecssnnse <0.001

Magnesium..v.eeinereniannnn <.03 NEcked s sis s:w i s som o0 01w 0w s 000 <.03

SILICON: wowsimomsmsms:s was ws o <.01 SEV1 600 w6 wm o o 0 50 85 0 86080 <.01
Mn, 0, : STIVET s voa eoe s ace 0 6 8 bim bm 0 6 6 <.003

AlUMiNUD .. eereveennarnnnsne .07 Cd0:

COPPErsesssvussnmsnomsswanin <.001 SodEUms w55 s 57 wm e me ww we e w <.

Ironeececaivans pwiEen e e A3 €dsg, :

Magnesium.......ocecieeinnn . .07 Impurities.eeeeesvsvenranees ND

Nickel..... o o sy S R g R .06

SOAIUM . s e m = nisnw om0 mre miw s .12

ND No impurities detected.

lImpurities 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, Ga, Ge, Hf, Li, Mg, Mn, Mo, Na, Ni, P, Pb, Pd, Pt,
Sb, Si, Ta, Ti, V, W, Y, Zn, and Zr.

NOTE.--X-ray emission and chemicel analyses were performed by R. F. Farrell, a research chemist
for the analytical laboratory at the Albany Research Center, Bureau of Mines, Albany, OR.

nitrogen were used. Actual analyses for 0, in Ojz-nitrogen mixtures were checked by
the enf method. The Op-nitrogen mixture was dried by passing through Mg(Cl0, ),
(magnesium perchlorate), and the S0, was dried by passing through a column packed
with CaSO, (calcium sulfate).

Apparatus and Procedure

Internal arrangement of the cell components is 1llustrated in figure 1.3 The
apparatus, potentiometer, and standardized thermocouple have been described in pre-
vious publications (18-19). The reference electrode was a certified standard mix—
ture of 0, in nitrogé;:—gﬁd the electrode of unknown oxygen potentlial consisted of a
1:1 molar mixture of MnO plus MnSO,, a l:1 molar mixture of Mn30, plus MnSO,, or a
1:1 mixture of CdO plus 2Cd0*CdSO,. Measurements were completed in 2 days, follow-
ing a 12-h stabilization period at 1,040 K. Emf measurements were wade with a
Keithley model 642 high—input iIimpedance digital electrometer. Reversibility of the
cell reaction was checked by approaching equilibrium from above and below a speci-
fied temperature. Cell response to temperature change was rapid above 1,000 K, and
potentials stabilized within 1 h after a steady-state temperature was reached.
Experiments were repeated two or three times for each cell before the cell was dis-
mantled and the electrode removed for X-ray analyses. Reproducibility was checked
by obtaining measurements of several separate cells for each determination.

3Reference in the figures or text to specific trade names does not imply endorse-
ment by the Bureau of Mines.
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RESULTS AND DISCUSSION

MnSO,

The equilibrium oxygen pressures and corresponding Gibbs energy changes for the
Mn0-MnS0,-50,~0, and Mn30,-MnS0,-S0,~0, systems were determined by measuring the
potentials of the reversible cells

Pt, MnSO,, MnO, SO,(g, 1 atm)//Zr0,//05(g, 0.0l1l atm), Pt
and Pt, MnSO,, Mn30,, SO, (g, 1 atm)//Zr0,//05(g, 0.0112 atm), Pt,

where the 0) refers to the indicated partial pressure of oxygen at the respective
reference electrodes. The overall cell reactions are as follows:

[}

MnO(c) + 280,(g, 1 atm) + 05(0.0L11 atm) = 2MnSOy(c), (2)

and Mn30,(c) + 350,(g, 1 atm) + 03(0.0112 atm) 3MnS0, () - (3)

Potential measurements from the two types of cells that were used for the MnSO,
determination are glven in table 2. These results may be expressed as a function of
temperature by the least squares equations and standard error of estimate as
follows:

E = 1,778.15908 - 1.32084T * 1.32 (896.5~946.3 K for reaction 2), (4)
E = 2,330.01553 - 1.89540T £ 2.45 (971.2-1,104.1 K for reaction 3), (5)
and F = 2,183.52496 - 1.76486T £ 4.03 (1,128.6~-1,226.8 K for reaction 3), (6)

where E is expressed in wmillivolts. Smooth emf data from equations 4, 5, and 6 are
given in columns 4 and 8 of table 2. Representative emf-versus—temperature data for
reactions 2 and 3 are illustrated in figure 2.

The equllibrium oxygen pressure, pO,, over MnO + MnSO, is determined from the
potential measurements for cell reaction 2, and may be expressed as

05(g, 0.0111 atm) = 0,(g, over MnO + MnSO, ). (7)
The corresponding Gibbs energy change, AG, for reaction 7 is

AG(reaction 7) = -nFE = RT Zn p0, - RT &n p0;, (8)
where n 1is 4, F 1is the Faraday constant, E is the emf from equation 4, and pOE is
the oxygen pressure at the reference electrode. Pressures are expressed in
atmospheres. Rearranging equation 8 and substituting p0; and E from equation 4

ylelds

log p0, = - §§;§é§-+ 24.67 (896.5-946.3 K). (9)



TABLE 2. - Electromotive force (E) of cells
A. Pt, MnSO,, MnO, SO,(g, 1 atm)//2r0,//0,(g, 0.0111 atm), Pt

B. Pt, MnSO,, Mn,0,, SO, (g, 1 atm)//2r0,//0;(g, 0.0112 atm), Pt

Tempers- E, mv ] Tempera- E, mv
Measurement | ture, K Measured' Calculated” | |Measurement ture, K ‘ Measured Calculated®
limaaesmass 5 896.5 593.0X:0.010 594.02 28 i 5 srs o m 1,039.2 356.23£0.003 360.31
2o anmrmasiana 898.4 590.91% .035 59151 L T 1,040.7 357.66% .005 357.47
PR St 898.8 590.61% .005 590.98 7 1,040.7 355.88t .001 357.47
U oo wmsmasse s 899.5 590.47f ,005 590.06 2 ixerigasets Sl 1,041.5 | 355.04% .002 355.95
S T T 899.7 590.53% 020 589.80 28 o v e e s 1,043.1 | 354.87F .002 352.92
e T 914.1 571.58% .025 570.78 295 i wiive Sw e 5 1,043.1 355.17+ .002 352.92
Teissraaiaaaliuss 919.5 560.95% ,015 563.64 B0rv:arwcaratovaissasi= 1,060.0 | 319.94t .005 320. 89
Biv 5i, sy dransnvane 920.7 564.70F .005 562.06 Isrereimemeisaes 1,065.3 313.34% .002 310.84
Q) et e e 921.9 559.46% .010 560.47 320 viwnssn vawan 1,085.4 | 272.0% .002 272,75
1004 o5 000000 922.1 561.2% .015 560.21 I35 s ww wmas s s 1,085.9 | 271.04% .010 271.80
e svaeanas 922.4 561.07+ .015 559.81 b (R R —— 1,087.8 267.80 .002 268,20
 Zaesrngrs il a%s 932.4 545,85 .005 546.60 S | Y o0 isra 1,088.1 269.65% .002 267.63
1Bism w e seewsg 945.5 529.18% .015 529.30 3bae w5 wras wwee 1,1064.1 | 236.4% .007 237.30
Vs s 5maie in ww win 945.7 529.56+ .010 529.04 Ilere sruietsimrasmiing 1,128.6 | 189.00¢+ ,003 191.71
[ 946.3 527.36% 045 528.24 3B smins v maraia 1,129.8 | 189.44 .003 189.59
VBars v i S ee o 9712 485,90t .003 489.20 e T e (O P les 193,85 .005 187.29
17w wssniviey 974.2 486,63 ,003 483.52 40 enilimanm voo| 1,146.7 | 155.44F .001 159.76
185 5.6 0 cmnse o 993.2 444.01% .002 447.50 U es newsnme cae| 151723 | 113.26¢ .005 114.58
195 s sein wravwin 995.7 441.97 .002 442,76 25550 ww s s ...| 1,210.0 46.22¢ .001 48.05
200 50 5 sms i & 997.0 443,56+ .002 440.30 8D vrarmis ninsmin o PRI i [ P | 48.51% .003 46.11
2 et ST 997.6 441,675 . 004 439.16 Ul o sia ims sewew | 15213:71 47.33 .003 42.58
22 . vieiienaed 1,016.9 | 399.328 .002 | 402.58 85, ccueneeess! 1,226.8 | 15.03% ,013 18.40
235 w0 wip wiwnie e 1,020. 2 399.64% .001 396.33
|

lAverage of 2 measurements taken at 20-min intervals and corrected for cell calibration.
*calculated from equations:
E = 1,778.15908- 1.320847 * 1.32 (896.5-946.3 X),
E = 2,330.01553- 1.895401 * 2,45 (971.2-1,104.1 K),
and E = 2,183.52496- 1.764861 * 4.03 (1,128.6-1,226.8 K).

NOTE.--Cell A was used for measurements for reaction 2 in temperature range 896.5 to 946.3 K (measurements
1-15); cell B was used for reaction 3 in temperature range 971.2 to 1,226.8 K (measurements 16-45).

The equilibrium oxygen pressure, p0,, over Mn30, + MnSO, for reaction 3 is
obtained by the method previously described for reaction 7. Rearranging equation 8
and substituting the value of pog, the partial pressure at the reference elec-—
trode, and E for reaction 3 from equations 5 and 6 respectively, yields

log p0, = - ﬂéﬂl+ 36.26 (971.2-1,104.1 K), (10)
and log po, = - %ﬂJf 33.63 (1,128.6-1,226.8 K). (11)

Figure 3 illustrates the thermodynamic stability of that portion of the Mn-$-0
system where Mn0O coexists with MnSO, 1in the temperature range 896.5 to 946.3 K and
Mn30, coexists with MnSO, in the temperature range 971.2 to 1,226.8 K. An invariant
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FIGURE 2. - Electromotive force (E) versus temperature for MnSO, reactions.

TEMPERATURE, K

1,250

point was determined at 960 K for the Mn—-S-0 system, and a transition of MnSO, was
K. Reaction 7 and equation 8 are independent relationships that

detected at 1,123

are applicable to any equilibrium involving oxygen.

These wvalues of pO2 at the

reaction site are the key for computing the standard Gibbs energy changes for the

reactions

and

2Mn0(c) +

from the relationships

AG°(reaction 12) =

and

2580,(g) + 0,(8)

It

350,(g) + 0,(8)

= 2MnSOq(c)

3MnS0,, (c)

2n p0, + 2RT &n pSO,

AG®(reaction 13) = -RT #&n K;3 = RT 4n pOp + 3RT &n pSOy,

(12)

(13)

(14)

(15)
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FIGURE 3. - Equilibrium diagram for MnO-MnS0,-50,-0, and Mn,0C,-
MnS0,-5C,-0, systems,

where Ky, and K;3 are the equilibrium constants, p0, 1s the equilibrium oxygen pres-
sure, pS0, is the egquilibrium 50, pressure for reactions 12 and 13, respectively,
and the condensed phases are assumed to have wnit activity. The equilibrium oxygen
pressure 1is obtained from equation 9§ for reactioan 12 and frow equation 10 or 11l for
reactlon 13. Resolution of the partial pressures of 50, at the reaction site for
reactions 12 and 13 involves evaluation of the following equilibrium reaction and
relationships:

S03(g) = 50,(g) + 0.5 0,(g), (16)

Ky 16 = P80 (p02)7 77 (17)
T PS03
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and Ptotal = p303 + p302 + pOz, (18)

where Ptotal is the total pressure and pSO3, pSO;, and pO; are the partial pressures
of the gaseous components in atmespheres. The SO, pressure at the interface ¢f MnO-
MnS0, or Mmn3z0,-MnSO, electrodes and the electrclyte was calculated by combining
equations 17 and 18 to yleld

P - pOo, )
pS0, = total0 - , (19)
L+ (p02)" "°/K 16
P,
where 16 is the equilibrium constant for reaction 16 (equation 17), based on aux-

iliary Hata from the literature (15).

The average total pressure of the system is 0.99307 atm for the MnO-MaSO,-SO;-
0, equilibrium and 0.99917 atm for the Mn30,MnS0,-SO»-0, measurements. Calcula-
tions show that pSO; is 0.99307 atm in the temperature range 896.5 to 946.3 K. For
the latter system, pSO; is 0.99917 atm at 971.2 K, 0.99873 atm at 1,104.1 K, 0.99817
atm at 1,128.6, and 0.97802 atm at 1,226.8 K. Consequently, in the temperature
range of this investigation, the standard Gibbs energies for reactions 12 aud 13, as
given by equations 14 and 15, are not appreciably affected by the slight variation
of pSO, from standard conditions.

Results of these calculations and TABLE 3. - Standard Gibbs energy change (-AG") for

those of previous 1investigators are 2Mn0(c) + 250,(g) + 0,(g) = 2MnSO, (c)
presented in tables 3 and 4. As noted (kilocalories per mole 0,)

in table 3, the results from this in-

vestigation for reaction 12 are more Tempersature, Mah This
negative than those derived from calor- K (calorimetry) investigation
imetric data (1l4). Considerable dis-

agreement 1is also noted in table 4 be- B96.5 57.320 62.840
tween the results of this investigation 900.0 56.858 62,444

and those based on calorimetric measure- 946.3 50,742 57.219

ments (11, 14) for reaction 13. Dis-
crepancies in the data from the various
investigations for reaction 13 are il-
lustrated in figure 4.

TABLE 4. - Standard Gibbs energy change (-AG”) for Mn,0, (c) + 350,(g) + 0,(g) = 3MnSO, (c)
(kilocalories per mole 0,)

Turkdogan,

Tempera- Olsson, and Skeaff and This

ture, K Mah (14) Kellogg (11)|Ingraham (7), Vinters (25) Espelund (20)| investigation
1

971.2 46.795 i 46.504 ND ND ND 53,799

1,000 41.8B50 41,700 ND ND 48,930 49,022

1,100 25.350 25.138 31.497 34,637 32.628 32.434

1,123 N ND 28.633 31.163 28.878 28.623

1,200 ND 20.430 i 19.048 19.532 18,372 16,894

ND Ngt determined.
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FIGURE 4. - Standard Gibbs energy change for Mn,0,(c) + 350 ,(g)
+0,(g) =3MnSO ,(c).

X-ray diffraction analyses of electrode products are given 1in table 5. The
results showed no major change in lattice parameters between the reagents and the
components in the equilibrated electrode mixtures. The lattice parameter of a golid
golution generally changes with the composition up to the sgaturation limit and then
remalns constant beyond that point. Further evidence concerning the limited solu-
bility of sulfur in manganese oxides shows that sulfur solubility, as sulfate ions,
increases from 0.055 wt pct at 1,133 K to 0.11 wt pct at 1,373 K (25). Consequent-
ly, the assumption of unit activity for the condensed phases for reactions 2 and 3
does not introduce any appreclable error in the standard Gibbs energy of formation
of MnSO, in the temperature range of this investigation.

The standard Gibbs energy of formation of MnSO, for the reaction
Mn(c) + 0.5 S,(g) + 2 0,(g) = MnSO, (c) (20)
was derived from the relationships

AG®°(reaction 12) = 2AGE°(MnSO,) ~ 2AGE°(MnO) - 2AGE°(S0,) (21)
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TABLE 5. - X-ray diffraction analyses of samples for MnS0, cell

Parametric measurements, Al
Sample Crystal structure Qe be Ce Card®
Reagents:
MNO.eeeivanonnnnns CubiCesseeeeereneannonan 4.445 NAp NAp 7-230
M0 eevvenennes ««|Tetragonal........ ceeens|5.7621 NAp 9.4696 24-734
MNSO, e evvnneannsss Orthorhombic.secesesoase 5.267 8.046 6.848 11-88
Electrode mixtures:
T CUDICe v nsnnntnsnnnnnens 4.441%0.02 NAp NAp 7-230
MnSOh3 ............ Orthorhombic. eecsacesss .15.26 £ .01 8.04+0.01 6.850.01 11-88
Mnsl],,q ............ Tetragonal...ieeeeesenas 5.76 £ .01 NAp 9.46% .02 24-734
MnSO~~............ OrthorhombicCe s eveueessss 5.26 ¥ .01 8.04t .01 § 6.86t .01 11-88

NAp Not applicable.
'parametric measurements for reagents were obtained from the literature.

ZNumbers refer to data file cards of Joint Committee of Powder Diffraction Standards,
International Centre of Diffraction Data, Swarthmore, Pa.

*Mixture for Mn0 - MnS0, electrode.

*Mixture for Mn; 0, - MnSO, electrode.

NOTE.--X-ray diffraction analyses were performed by R. A. McCune, a research chemist for the
analytical laboratory at the Albany Research Center, Bureau of Mines, Albany, OR.

and AG® (reaction 13) = 38G£°(MnSO,) - LGE°(Mag0,) — 3AGE°(S0,). (22)

In equation 21, the standard Gibbs energies of formation of MnO (2), SO; (lé)’ and
the Gibbs energy of reaction 12 froum this investigation, as given in table 3, may be

expressed as follows:

AGE®(MnO) = -92.050 + 17.50 x 10~T * 0.150 kcal/mol (900-1,000 K), (23)
LGE®($0,) = ~B6.545 + 17.47 x 10~3T £ 0.050 kcal/mol (900-1,200 K), (24)
and AG°(reaction 12) = -164.027 + 112.87 x 10-3T

* 0.122 kcal (896.5-946.3 K). (25)

Rearranging equation 21 and substituting the proper values for the standard Gibbs
energy of reaction 12, as given by equation 25, AGf® of MnO (2) from equation 23,
and AGE® of SO, (15) from equation 24 yields

AGE®(MnSO, ) = -260.609 + 91.41 x 10-3T * 0.169 kcal/mol (896.5-946.3 K). (26)

In equation 22, the standard Gibbs energy of formation of Mn3zO, (19) and the stan-
dard Gibbs energy of reaction 13 from this investigation, as given in table 4, may

be expressed as

oGE®(Mng0y,) = —329.326 + 79.46 x 10T * 0.453 kcal/mol (746.9-1,208.6 K), (27)
AG°(reaction 13) = -214.913 + 165.89 x 10-3T * 0.226 kcal (971.2-1,123 X), (28)

and AG°(reaction 13) = =199.690 + 152.33 x 1073T
+* 0.372 keal (1,123-1,226.8 K). (29)
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Rearranging equation 22 and substituting the values of AGF° of Mn30, from equation
27, b0G° of reaction 13 from equation 28 or 29, and 4Gf° of SOz from equation 24
yields the standard Gibbs energy of formation of MnSO,, which may be expressed by
the linear equations

AGE®(MnSO, ) = =267.958 + 99.25 x 10T * 0.176 kcal/mol; (971.2-1,123 K) (30)

and AGE®(MnSO,) = -262.884 + 94.73 x 1073T
* 0.202 kcal/mol (1,123-1,226.8 K). (31)

A phase change in MnSO, occurs at 1,123 K. An enthalpy of approximately
15.223%0.226 kecal for reaction 13 or 5.074 kcal/mol MnSO, is associated with this
transition. This value compares with 10.850%¥1.220 kcal/mol,which has been reported

in the literature (29) and was also obtained from emf measurements.

A third-law analysis using the Gibbs energy of formation of MnSOy from equation
30, combined with entropy and enthalpy data for Mn (6), 02 (15), rhombic sulfur
(8-10), and MnSO, (9-10) yields a standard enthalpy of formation of MnSO,,

BHESgg = —257.674 * 0.20 kecal/mol, (32)
298

where the standard states are pure crystalline Mn and MnSO,, gaseous 0O, at unit
fugacity, and rhombic sulfur. The calculated value -257.674%0.20 kcal/mol compares
with =254.18%¥0.250 kcal/mol, which was obtained by solution calorimetry (21) and has
been reported in three compilations (11, 14, 26). Calorimetric data were presumably
from measurements of stoichiometric MnSO, and should provide excellent standard-
state data. Unfortunately, the standard-state properties may be quite different
from the actual properties of MnSO, that is in equilibrium with MnO or Mn;0, .

These discrepancies between the hypothetical standard-state and actual equili-
brium properties are probably related to the defect structure of MnO crystal that
was discussed in a recent publication (19). Prediction of chemical behavior of a
system by means of thermodynamic data for the hypothetical standard-state composi-
tion can be seriously in error at high temperatures if the homogeneous range of each
phase is not taken into consideration. Calculation of the Gibbs energy change in
going from the standard composition to the actual equilibrium composition corre-
sponds to knowing the activity coefficient as a function of composition within the
homogeneous range. Since the equilibrium behavior can vary considerably with com-
position, the degree of nonstoichiometry must be specified to fix the chemical
behavior of the compound. Consequently, any calculations of the dissociation tem-
peratures, pressures, and Gibbs enevrgies for the Mn—-S-0 system that are based on
calorimetric data for MnSO, and Mn30, should be regarded as crude estimates for the
actual equilibrium conditions at high temperatures. Standard Gibbs energy changes
for reaction 13, which are derived from actual oxygen pressures (equation 10 or 11),
are considered to be a more realistic characterization of the actual equilibrium
conditions for defining the coexistence of Mn30, and MnSO, than are the calorimetric

data.

2Cd0+ CdSO

The equilibrium oxygen pressure and corresponding Gibbs energy change for the
€d0-2Cd0* CdS0, ~S0, -0, system were determined by measuring the open-circuit poten-
tials for the cell
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Pt, 2Cd0°CdS0,, CdO, SO;(g, 1 atm)//2Zr0,//02(g, 0.00922 atm), Pt,

where the partial pressure of 0j at the reference electrode 1s 0.00922 atm and S0;
is at 1 atm. The overall cell reaction 1is
6Cd0(c) + 250,(g) + 03(g, 0.0092 atm) = 2[2Cd0*CdSO, ((c). (33)

Potential measurements from four cells that were used for the 2Cd0°*CdSO, deter-
mination are given in table 6. These results wmay be expressed as a function of
temperature by the linear equation and standard error of estimate

E = 1,945.99 - 1.47048T * 2.12 (1,036.8-1,208.2 K), (34)

where E is in willivolts. ©Potential measurements and their corresponding swooth
values, derived from equation 34, are given in columns 3, 4, 7, and 8 of table 6.
Representative emf-versus—-temperature data are illustrated in figure 5.

The equilibrium oxygen pressure, pO,, and the corresponding Gibbs energy change
for reaction 33 are obtained by the merhod previcusly described for reaction 7.
Rearranging equation 8 and substituting the value of p0, the partial pressure of

TABLE 6. - Electromotive force (E) of cell
»
Pt, 2cd0-CdS0,, CdO, $O,(g, 1 atm)//Zr0,//0,(g, 0.00922 atm), Pt

Tempera- E, mv Tempera E, mv

Measurement ture, K Measured Calculated® Measurement ture, X Measured Calculated
Tevonns veenas| 1,036.8 419.11 421.40 2l nnaeneaena] 1,145.6 265.15 261.41
2iiiacnanssas] 1,037.1 419,31 420.96 220 ceavnnsnana] 1,146.3 262.94 260.38
Suvaseerenses| 1,037.6 420,21 420.22 23 innenenaes| 1,187 258.35 259.20
40vicnesnsaaaf 1,059.2 386.58 388.46 28 00aievsnnns] 1,158.2 236.48 242,68
Sunvunsarenas| 1,060.1 387.08 387.13 25, i ienensane| 1,166.6 232.01 230.53
6irvsennnnssal 1,060.2 388.28 386.99 260 a00invenas| 1,166.8 227.91 230.23
Tovvesonrssss) 1,060.6 387.38 386.40 27 ceiiansnenss| 1,167.2 226,12 229.65
Boverrerenaaa) 1,08101 354.75 356.25 28uiivnnsseeas} 1,169 226.91 226.85
Feveereneness 1,082.0 355,05 354.93 29 i iicncnas . 1,179.5 208.44 211.56
100eeenniaeeses| 1,082.3 356,55 354,49 300s0easnenees| 1,187.0 198.47 200.53
Tlesvesenaness] 1,082.3 355.85 354.49 3levevesenanas| 1,187.0 202,57 200,53
T2 eivennsnaas| 1.103.5 321.81 323.32 32¢iiunnensess| 1,187.0 200.87 200.53
130 ivuinenness| 1,103.9 324.51 322.73 33 iienneneeas| 1,187.6 198.41 199.65
T4evvvninnne..) 1,104.0 323.42 322.58 3y esiaanas veo| 1,187.9 198.67 199.21
15 cieenncaesa 1,122.4 296.30 295,52 35 iaeencnsaas] 1,188.6 197.45 198.18
Theveronananns) 1,125.2 294.38 291.41 360cinane vesse] 1,189.3 197.94 197.15
17 eeenncaases] 1,125.3 292.98 291.26 37 iavnecnnnas| 1,206.3 172.03 172.15
18evsenesncass| 1,125.4 293,38 291.11 3Bueransnnsass| 1,207.0 174.43 171.12
19t vrocvanans 1,144, 4 260.54 263.17 39 eceavssnaast 1,207.9 169.63 169.80
4t RN 1,145.4 262,54 261.70 40....... eesss| 1,208.2 170,63 169.36

1Average of 2 measurements (£0.05 mv) taken at 15-min intervals and corrected for cell eslibration.

*ralculated from linear equation:
E = 1,945.99 - 1.47048T % 2,12.
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FIGURE 5. - Electromotive force (E) versus temperature

forZCdO-CdSOAreccﬂon.

0; at the reference electrode, and E from equation 34 yields

log p0, = - 2_91»?_2£+ 27.61. (35)
Figure 6 illustrates the thermodynamic stability of the Cd-S-0O system where Cd¢
and 2Cd0°*CdSO, coexist in the temperature range 1,036.8 to 1,208.2 K. These values

of p0, are the key for computing the standard Gibbs energy change for the reaction
6Cd0(c) + 250,(g) + 0,(g) = 2[2Cd0°* CdS0O, ](c) (36)

from the relationship
AG®(reaction 36) = -RT 4n Kzg = RT &n pOp + 2RT 4n pSO0,, (37)

where Kjg, pO,, and pSO, are the equilibrium constant and the equilibrium pressures
of 0, and SO, for reaction 36. The equilibrium oxygen pressure 1is from equation 35,

and pSO, is derived by the method previously described in equations L6 through 19.
The condensed phases in reaction 36 are assumed to have unit activity.

The average total pressure of the system for the 2Cd0°CdSO; measurements is
0.99947 atm. Calculations show that pSO, ranges from 0.99946 atm at 1,036.8 K to
0.99577 atm at 1,208.2 K. Consequently, in the temperature range of this investiga-
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FIGURE ¢. - Equilibrium diagrom for Cd0-2Cd0-CdSO -

50,-0, system.

tion, the standard Gibbs energy for
reaction 36, as given by equation 37, is
not appreclably affected by the slight
variation of pS0Op from standard condi-~
tions. Results of the measurements for
pOy and the corresponding values of pS0,
and Gibbks energies for reaction 36 are
gilven in table 7 and 1illustrated in
flgure 7.

X-ray diffraction analyses of elec~
trode products are given in table 8.

TABLE 7. - Standard Gibbs ensrgy change for
60d0(c) + 250, (g) + 0,(g) = 2[2Cd0-£d50, 1(c)

T
Tempera~ AG®,
ture, K p50,, atm pl,, atm keal/mol O,
1,036.8 0.999466 | 5,9030 x 10! 48.528
1,100.0 99941 | 8.8117 x 10-} 40. 545
1,150 .99925 | 3.1000 x 10~ 34,251
1,200 .99873 | §.2600 x 107F 27.916
1,208. 2 .998576 | 1.3770 x 107 26.880
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FIGURE 7. - Standard Gibbs energy
change for 6CdO(c) + 250 ,(g) + 0,(q)
= 2[2Cd0+CdSO Xc).

TABLE 8. - X-ray diffraction analyses for 2d0°CdSO, cell

|
Parametric measurements, Al
]
2
e Crystal structure . og ki | Ceid
Reagents:
Cd0. o 0e0in wie s 0a o [CUDBLEC e 0ig 2:0 w0 0o 00 010 020 @ 4.6953 NAp NAp 5-640
2€d0°CdSO, <« s s |Orthorhombice.ecesess. 6.97 23.34 6.85 26-382
Electrode mixture:
CdOzawins Waw s wade e CODICE v en S 4 BN 4R o s 4.695£0.001 NAp NAp 5-640

2€d0°CdSO, +...... Orthorhombice...v.vuus 6.95 % .01 23.29+0.03 6.84+0.01 26-382

NAp Not applicable.

! Parametric measurements for reagents were obtained from the literature.

ZNumbers refer to data file cards of Joint Committee of Powder Diffraction Standards,
International Centre of Diffraction Data, Swarthmore, Pa.

NOTE.--X-ray diffraction analyses were performed by R. A. McCune, a research chemist for the
analytical laboratory at the Albany Research Center, Bureau of Mines, Albany, OR.

The results showed no major change in lattice parameters between the reagents and
the components in the equilibrated electrode mixture. Consequently, intersolubility
of the condensed components in the CdO + 2CdO° CdSO, electrode mixture is negligible
and the assumption of unit activity for the condensed phases in reaction 36 does not
introduce any appreciable error in the standard Gibbs energy of formation of

2€d0* CdSO, .

The standard Gibbs energy of formation of 2Cd0+CdSO, for the reaction

3cd(%, g) + 0.5 S,(g) + 3 0,(g) = 2Cd0-CdSO, (c) (38)



18

was derived from the relationship
AG°(reaction 36) = 2AGf£°(2Cd0°CdSO,) - 6AGE°(CdO) - 24Gf°(S0,). (39)

In equation 39, the standard Gibbs energies of formation of CdO (16), SO, (15) from
equation 24, and the standard Gibbs energy of reaction 36 from this investigation,
as gilven in table 7, may be expressed as follows:

AGE°(CdO) = -85.659 + 47.21 x 1073T £ 0.200 kcal/mol (1,000-1,200 K), (40)

AC®(reaction 36) = ~-179.475 + 126.30 x 1073T
* 0.196 kcal (1,036.8-1,208.2 K). (41)

Rearranging equation 39 and substituting the standard Gibbs energy of reaction 36
from equation 41, AGf® of SO, from equation 24, and AGf° of CdO from equation 40,
ylelds a standard Gibbs energy of formation of 2Cd0*CdSO, for reaction 38, which
may be expressed as

AGE® (2Cd0* CdSU,) = -433.260 + 222.25 x 107°T
* 0.610 keal/mol (1,036.8-1,208.2 K). (42)

No experimental entropy and enthalpy data are available for 2Cd0*CdSO,; conse-
quently, a third-law analysis from experimental data cannot be made. Assuming that
AH® and AS° remain fairly constant in the temperature range 1,036.8 to 1,208.2 K,
the enthalpy and entropy for reaction 38 at 1,122.5 K, according to the first and
gecond constants In equation 42, are

AHE® -433,260 £ 0.610 kcal/mol (43)

il

and Agf° -222.25 cal/mol*K. (44)
The standard states at 1,122.5 K are pure gaseous cadmium at unit fugacity, crystal-
line 2€d0°CdSO,, and gaseous S, and O, at unit fugacity.

SUMMARY AND CONCLUSIONS

Equilibrium oxygen pressures for the MnO-MnSO,-50,-0,, MnjO,-MnSO,-S0,-0,, and
€d0-2Cd0* CdSO, ~SO, -0, systems were measured by a high-temperature emf method using
stabilized Zr0, as the solid electrolyte. The emf measurements yielded standard
Gibbs energiles of formation of MnSO, and 2CdO0°CdSO, from their oxides. The data for
MnSO, were compared with previously reported measurements, and discrepancies were
discussed. No previous Gibbs energies of formation have been reported for
2Cd0° CdSO, to permit direct comparison. Standard thermodynamic properties of MnSO,
were derived by combining results from this investigation with auxiliary data from
the literature.
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