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THERMODYNAMIC PROFERTIES OF SELECTED TRANSITION
METAL SULFATES AND THEIR HYDRATES

By Carroll W, DeKock !

ABSTRACT

Thermodynamic data for selected metal sulfates were critically evaluated and
compiled as part of the Bureau of Mines program to provide a scientific base for use
in developing new technology and predicting the feasibility of new processes.
Values for Cp°®, $°, H®° - H3g9g, —(G° - H39g)/T, AHf®, AGf°, and log Kf as a function
of temperature are given in tabular form. Thermodynamic data were compiled for
VOS0,, Cr3(SO4)3, MnS0,, FeSOy, Fey(S04)3, CoSO0,, NiSO,, CusS04, CuSOy, CuO<CuSOy,
ZnSOy, and Zn0*2ZnS04, together with their stable hydrates.

INTRODUCTION

As a part of the Bureau of Mines continuing effort to provide thermodynamic
data for mineral technology advancement, thermodynamic properties of selected tran-
sition metal sulfates and their hydrates were critically evaluated and compiled.
This compilation is the first in a planned series on the thermodynamic properties of
metal sulfates. Kellogg (22),2 in 1964, reviewed the thermodynamic properties of
many of the anhydrous metal sulfates found in this compilation. His values were
based on high-temperature sulfate decomposition data. The thermodynamic properties
here are calculated on the basls of calorimetric data, many of which were unavail-
able in 1964, No review of the hydrated metal sulfates exists.

This compilation has been prepared in the same format as Bureau of Mines Bul-
letin 672, "Thermodynamic Properties of the Elements and Oxides,” by L. B. Pankratz
(36). The values for the standard heat capacities (Cp°), high-temperature relative
enthalpies (H° - H3%3g), enthalpies of formation (AHf°), and Gibbs energies of forma-
tion (AGf°®) are given in tabular form. The tables include Gibbs energy functions,
~(G°® - H%9g)/T, and logarithms (base 10) of the equilibrium constants of formation,
log Kf.

Where possible, all phases of an element or compound are presented in a single
table., Temperatures of transformations and thermodynamic properties at these tem-
peratures are included in the table. Immediately below the table, the nature of
transformations are given along with their assoclated enthalples. All thermodynamic
values for the elements are from Pankratz (36).

METHODS, CONVENTIONS, AND SYMBOLS

The values in this compilation are the result of a review and critical evalua-

lRegearch chemist, Albany Research Center, Bureau of Mines, Albany, Oreg.; faculty
member, Oregon State University, Corvallis, Oreg.

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



tion of relevant thermodynamic data through July 1981. Standard enthalpies of for-
mation at 298.15 K are corrected to the latest CODATA (8) values where the accuracy
of the original data warrants such care. The CODATA value for the standard heat of

formation of SOE_(aq) at infinite dilution is the major correction for this docu-

ment. CODATA gives AHE®(S0% , ®aq) = -217.4 kcal/mol, while Wagman (47) reports
AHE®(S0G , ®aq) = -217.32 kcal/mol. Sulfate ion corrections in this document are
all based on the CODATA value. Also, AHf®°(H20,%) = -68.315 kcal/mol, used

throughout this review, is from Wagman (47).

The selected experimental data were fitted to a polynomial in terms of tem—
perature by using a modified form of the computer program described by Justice (20).
This program, along with a plot of the function (H® - H39g)/(T-298.15), which takes
a known value of Cp° at 298.15 K, was used to merge high-temperature data smoothly
with low-~temperature heat capacity data. The resulting pclynomial was then used in
a subroutine of the program to calculate standard heat capacities, relative enthal-
pies, Gibbs energy functions, and standard entropies at selected temperatures. In
addition, tables 1-52 include values for the standard enthalpy of formation, Gibbs
energy of formation, and the logarithm of the equilibrium constant of formation.
Tabulated values are given for the substances in their standard states (indicated by
the superscript "°").

References for data used in this compilation are given in the bibliography.
Additional sources reviewed and considered less reliable are not included. Esti-
mates are used where the necessary data were lacking, as explained in the section on
estimation procedures. Estimated and extrapolated values are indicated in the
source note below each table.

The common practice of tabulating five- and sometimes six-digit values has been
followed. For example, enthalpy values are given to the nearest calorie. The
number of digits given is not intended to reflect the accuracy of the experimental
values used, but rather to produce internal consistency in the tables. In the text,
values are given to the significant figures to which they are thought to be accu-
rate.

The following is a list of symbols and constants used:

T Thermodynamic temperature in kelvin.
K Kelvin, the unit of thermodynamic temperature.
Cp Heat capacity at constant pressure.
S Entropy.
H - Hogg Enthalpy increment between T and 298.15 K.
(G — Hpeg)/T Gibbs energy function, {(H - Hpgg)/T] - S.
AH Enthalpy change (AHf = enthalpy of formation).
AG Gibbs energy change (AGf = Gibbs energy of forma-
tion).
Log K Logarithm (base 10) of the equilibrium constant

(Log Xf = logarithm of equilibrium constant of
formation).

cal Thermochemical calorie, 1 cal = 4.1840 j.
mol Mole, gram formula weight or molar mass.
1n Natural logarithm, base e = 2.7183.
P Pressure in atmospheres, 1 atm = 101.325 kPa.
R Gas constant, 1.98719 cal/mol°X.
F Faraday constant, 23,060.9 cal/veequiv.

Standard state.



ESTIMATION PROCEDURES FOR HYDRATES

The entropies and heat capacities for a number of hydrated sulfates in this
study required estimation. Excellent heat capacity and entropy data are known for
the 3d transition metal sulfate hydrates FeSO0y*7H30, CoSOy4*6H70, CoSOy4°+7H30,
NiSO, *6H20, NiSO4*7H20, CuS0y*H20, CuS04+3H20, CuSO4°*5H20, ZnSO04+6H20, and
ZnS0L4+*7H,0. The average increase in heat capacity per water molecule for these 10
compounds is 9.3 cal/mol+K. Phillipson and Finlay (38), in a review of 31 hydrates,
found a similar increase of 9.26 cal/mol*K per Hj0 molecule. Accordingly, the heat
capacities for hydrates were estimated by adding 9.3 cal/mol*K per mole Hy0 to the
heat capacity of the anhydrous compounds to obtain the heat capacity at 298.15 K.
The entropy increase per mole of HoO for the 10 hydrates is 9.46 cal/moleK. 1In the
absence of other data for estimation, 9.5 cal/mol*K per mole Hy0 was added to the
entropy of the anhydrous compound to obtain the entropy of the hydrate at 298.15 K.
This was the only estimation method used for the vanadium and chromium sulfate
hydrates. Other estimation procedures, tailored for individual compounds, are
discussed in the text.

With the values at 298.15 K in hand, it then was necessary to estimate the heat
capacities above 298.15 K. This was a more complex problem because no data exist
for any hydrates above about 350 K. For hydrates for which low-temperature data are
available, heat capacities up to 550 K were estimated by extrapolating the low-
temperature data, using a least squares fit with the quadratic equation, Cp = a + bT
+ ¢T2. For salts for which data are not available, high-temperature heat capacities
were estimated using the following equation:

Cp(T) = Cp(298.15) + b(T-298.15),

where b is a coefficient dependent on n, the number of water molecules. The values
calculated for b are:

=]
o

0.09
.10
132
144
.180
+216
.252

NV B W

These values of b were determined by observing that the heat capacity increase for
tetrahydrates, hexahydrates, and heptahydrates averaged 1.8 cal/mol*K per mole H20
over the temperature range 250 to 300 K, a 50-degree interval. Similar data for
dihydrates show an increase of 2.5 cal/mol*K, and for monohydrates, 4.5 cal/mol+XK
(14). By linear interpolation, a value of 2.2 cal/mol+K was assigned for the tri-
hydrates.



DISCUSSION OF THERMODYNAMIC PROPERTIES
Vanadium
vOSOy(c)

The enthalpy of formation at 298.15 K and entropy at 298.15 K are from Wagman
(49). The heat capacity at 298.15 K was estimated to be 29 cal/mol*K by adding the
heat capacity of VO (10.86 cal/mol*K) to the estimated heat capacity of the sulfate
ion (18 cal/mol°*K) (28). High~temperature enthalpies were estimated by comparison
with the known high-femperature enthalpies of MnSOy(c) (42).

VOSCy*nH,o0(c)

Reggiani, Tachez, and Bernard (41) determined the hydration enthalpies for the
hydrated vanadyl sulfates, VOSO,*nH0, by solution calorimetry. The standard
enthalpies of formation of the hydrates at 298.15 K were determined from these data
and the standard enthalpy of formation of VOSO,(c¢) as reported by Wagman (49). The
entropies at 298.15 K for the various hydrates were estimated by adding 9.5 cal/
mol+K per mole H30 to the entropy of VOSOy(c). Heat capacities for the various
hydrates were estimated as discussed earlier.

Chromium
Cro(S0y})3(e)

Jacob, Rao, and Nelson (18) studied the decomposition of Crp(S04)3(c) over the
temperature range 882 to 1,040 X, using thermogravimetric and differential thermal
analyses. Over this temperature range, the change in the standard Gibbs energy for
the reaction

Cro03(c) + 3803(g) = Cra(S04)3(c)

was found to be AG®° = -143.078 + 0.1296T kcal/mol. This vielded a second-law value
for AH; = -143.078 kcal/mol at 961 K for the above reaction. High-temperature
enthalpies for Cr;(S04)3(c) were estimated by adding the difference in known heat
capacities between Cry(S804)3(c) and Fep(S04)3{c) at 298.15 K (2.2 cal/mol+*K) to the

known high-temperature heat capacity of Fep(SO04)3(c) (37). This yielded an enthalpy
difference between 298.15 X and 961 K equal to 61.4 kcal/mol. Combining this value

with the appropriate enthalpies of Crp03(s) and S03(g) from Pankratz (36) yielded
AHE® [Cr2(S04)3(e)] = ~710 kcal/mol at 298.15 K. Alternatively, a third-law value
may be obtained by combining the above heat capacity values with the low-temperature
heat capacities measured by Vasileff and Grayson-Smith (45) to obtain the absolute
entropy of Cro(S04)3 in the temperature range of interest. The latter work yielded
S3gg = 61.85 cal/mol*K (28). This value and the heat capacities were used to obtain
a third-law value of AHfffbrz(SOQ)g(c)} = —705 kcal/mol, which is the adopted value.

Cro(S04)3*nH20(c)

Heat capacities and entropies for the chromium sulfate hydrates were estimated
as discussed earlier for VOSOL+nH20(c).



Manganese
MnS04(c)

The CODATA (8) enthalpy of formation value for the sulfate ion at infinite
dilution was used in recalculating the results of Southard and Shomate (42) to
obtain AHf°[MnSOy4(c)] = -254.70 kcal/mel. This value 1s adopted.

The enthalpy of solution at infinite dilution, AH°soln [MnSO4(c)] = -15.5 kcal/
mol, is from Wagman (48) When this value was combined with the CODATA value for
SOf (aq) and Wagman's Mn? (aq) value for the enthalpy of formation of the infinitely
dilute ifons, AHE’[MnSOy(c)] = -254.66 kcal/mol was obtained, which is in excellent
agreement with the adopted value.

The entropy at 298.15 K is from Moore and Kelley (34), who measured the low-
temperature heat capacities of MnSO4{c). The high-temperature enthalpies are from
Southard and Shomate (42).

MnS0,+H20(a,c)

The enthalpy of formation of MnSOyH20(a,c) is from Wagman (48), corrected for
the enthalpy of formation of the sulfate ion at Infinite dilution. The eantropy at
298.15 K was estimated as follows: The average difference in entropy between the
monohydrates and anhydrous salts for the sulfates of Fe, Ni, Cu, and Zn is 8.18
cal/mol*K. Adding this value to the entropy of MnSO,(c) yielded S39g = 35 cal/mol°*K
(rounded).

The heat capacity of MnS0,°*H20(c) was estimated by adding 9.3 cal/mol°*K to the
heat capacity of MnSO4(c) to give Cp3gg = 33 cal/mol-K.

MnSOy *4H20(c)

The enthalpy of formation of MnS04¢4H20(c¢) at 298.15 K was taken from Wagman
(48) after correcting for the enthalpy of formation of the sulfate ion (8) The
heat capacity at 298.15 K was estimated by adding 4°+9.3 cal/moleK to the heat
capacity of MnSOy(c). The entropy at 298.15 K was estimated to be 65 cal/mol+*X as
discussed under "MnSO4*7H,0."

MnS0Oy*5H20(c)

The enthalpy of formation of MnSO4+5H20(c) at 298.15 K was taken from Wagman
(48) after correcting for the enthalpy of formation of the sulfate iomn (8). The
heat capacity at 298.15 K is from Wagman. The entropy was estimated to be 75
cal/mol+X as discussed under "MnSOy*7H20."

MnSO4*7H0(c)

The enthalpy of formation of MnS0,°*7H20(c) at 298.15 K was taken from Wagman
(48) after correcting for the enthalpy of formation of the sulfate ion (8). The
entropy at 298.15 K was estimated as follows. The entropies of the heptahydrates of
the sulfates of Fe, Co, Ni, and Zn are well known (4, 30, 40, 43). The average
difference between the entropies of these heptahydrates and their anhydrous sulfates
is 67.65 *1.25 cal/mol*K. Adding this value to the entropy of MnSO4(s) at 298.15 K
yielded S53gg[MnS04*7H20(c)] = 94 cal/mol+X (rounded). The entroples for MnSOyue



4H50(c) and MnSO0L+5H20(c) were then estimated by taking the difference for the
monohydrate and heptahydrate (59 cal/mol*K) and adding the linear extrapolated
entropy proportion to the entropy of the monohydrate to obtain the entropy of the
tetra- and pentahydrate.

The heat capacity of MnS0,+7H0(c¢) was estimated in the same manner as the en—
tropy.

Dissociation of MnS04°+nH20
Thermodynamic values for reactions of the type
MnS0, *YHoO(c) = MnSO4*XH0(c) + (Y-X)H,0(R)

were calculated as a function of temperature. The foregoing data gave reasonable
decomposition temperatures for all the compounds. However, enthalpy of formation
values for the hydrates that were calculated on the basis of either the enthalpy of
solution values reported by Jamieson (19) or those reported by Phillipson and Finlay
(38) led to inconsistent results and were not sufficiently negative to lead to
stable hydrates.

Iron
FeS04(c) and Hydrates

Adami and Kelley (1) determined the enthalpy of formation of FeSQy*H20(c) and
FeS0y+7H20(c) by sulfurlc acid solution calorimetry. Recalculation of their results

using the latest CODATA (8) value for S0Z (aq) yielded AHE® {FeSOy ¢H0(c)] = =297.40
kcal/mol and AHf°[FeSO4+7H20(c)) = -720.44 kcal/mol. These values are adopted.
Wagman (48) reported AHf° [FeSOL4*H0(c)] = =-297.25 kcal/mol and AHf®[FeSOyu*7H20(c)] =
-720.5 kcal/mol. The enthalpies of solution at infinite dilution, AH®soln[FeSOy-
Ho0(c)] = -10.6 kcal/mol and AH°soln[FeSO4*7H20(c)] = 2.@2 kcal/mol, have been
measured by Larson (29). The enthalpy of formation for Fe2 (ag) may be obtained by
combining these vq}ﬁgg with AHf® values for H20(R) (47) and SO% (iq) (8. This
leads to AHf°{Fe2 (aq)] = -22.3 kcal/mol{FeSO4+*H20) and AHf°[Fe2 (aq)] = =-22.0
kcal/mol(FeSOy<7H20), .respectively. These are more negative than the value given by
Wagman (ﬁg), AHf°[Fe2 ggq)] = -21.3 kcal/mol. TLarson (29) noted a similar discrep-
ancy and chose AHf°[Fe (aq)] = -22.1 kcal/mol. We have adopted his value in our
further caleculations.

Combining the enthalpy of solution at infinite dilution from Wagman (48),

AH°goln [FeSOu(c)] = +16.7 kcal/mol, with the above enthalpy of formation for
FeZ (aq) and the enthalpy of formation for SOf (aq) from CODATA (8) yielded
AHE°[FeS04(c)] = -222.8 kcal/mol, which is the value adopted here. This compares

with AHE®[FeSOy(c)] = -221.9 kcal/mol given by Wagman (48).

Combining the enthalpy of solution at infinite dilution, AH°solnf{FeSO4+4H20(c)])
= -3.3 kecal/mol (29), with the enthalpies of formation of SO% (aq) (8), Hp0(R) (47),

and Fe? (aq) yielded AHf®[FeSO4*4H,0(c)] = =509.5 kcal/mol, which is the adopted
value., This compares with AHf°[FeSOy*4H70(¢)) = -508.9 kcal/mol reported by Wagman
(48).

Malinin, Drakin, and Ankudimov (32) measured the entropy of the reaction
FeSO4+7H50(c) = FeS04*4H,0(c) + 3H30(g) by an isopiestic method. Their value for



this reaction was AS = 105.0 cal/mol*X. Combining this value with the entropies of
FeSOy*7H20(c) (30) and H20(g) (47) led to S39g[FeSOu*4H20(c)] = 67.5 cal/moleK.
S59g for FeS04*H20(c) is from Pribylov (39). The heat capacity for FeSOy°H20(c) was
estimated as discussed earlier. The heéf—capacity for FeSO4+4H,0(c) was reported by
Kelley (21) to be 63.6 cal/mol+K at 282 K.

The heat capacity above 307 K for FeSOy*7H20(c) was estimated by extrapolating
the low-temperature results of Lyon and Giauque (29).

Fe»(S04)3(¢c)

Barany and Adami (3) determined the enthalpy of formation of Fes(S04)3(c) by
solution calorimetry. Recalculation of their results using the latest CODATA value
for the enthalpy of formation of S04 (aq) (8) and Wagman's enthalpy of formatiom for
Fep03(c) (48) yielded AHf°[Fe2(SO4)3] = -617.1 kcal/mol, which is adopted here.

The low-temperature and high-temperature heat capacities are those reported by
Pankratz and Weller (37). The entropy at 298.15 K is also taken from reference 37.

Cobalt
CoS50y4(c)

The CODATA AH; value (8) for SOg‘(aq) and the heat of formation value recom-
mended by Cyr, Dellacherie, and Balesdent (9) for CoO were used in recalculating the
results of Adami and King (2) to obtain AHf®[CoSOy(c)] = -212.3 kcal/mol. This
value is adopted here.

The low-temperature (52-298.15 K) heat capacities are those reported by Weller
(50) with the low-temperature entropies and enthalpies those evaluated by JANAF
(Ej). Heat capacities in the temperature range 300-1,400 K were estimated by com-
parison with CuSOu(c).

The transition temperature and enthalpy for CoSOy(a,c) = CoS04(B,c) are from
the differential thermal analysis studies of Ingraham and Marier (17).

CoS0y *H20(c)

Goldberg (15) reported AH° = -6.1 kcal/mol for the process CoSO4(c) + Ho0(R) =
€080y, *H20(c) . “Combining this result with the standard enthalpies of formation of
H20(%) and CoSOy(c) ylelded AHf®’[CoSOy4*H30(c)] = -286.7 kcal/mol. Alternatively,
Goldberg reported AH® = -12.8 kcal/mol for the process CoSOy*H20(c) + 5H20(R) =
CoS04*6H0(c)s Combining this result with the standard enthalpies of formation of
Hp0(2) (47) and CoSO4*6H20(c) (see below) yielded AHf°[CoSO4*H20(c)] = =-287.0
kcal/mol. The average of these two values, AHf°[CoSO4*H20(c)] = -286.8 kcal/mol, is
adopted. The entropy at 298.15 K is that selected by Goldberg (15). Heat capaci-
ties were estimated as described earlier.

CoS0y *6H,0(c)

Ko and Brown (25), from sulfuric acid solution calorimetry, obtained
AHE® [C0S04+6H20(ce)] = ~641.33 kcal/mol, which is adopted here. The low-temperature
(15-330 K) heat capacities and S859g are those reported by Rao and Giauque (40).
Broers and Van Welie (6) reported CoSO4*6H20(c) to dissociate to CoS04 *H20(c) ~ and



saturated solution at 337 K.
CoS0y*7H20(c)

Brodale and Giauque (5) reported AH® = -2.455 kcal/mol for the process CoSOy-*
6H20(c) + Hy0(2) = CoSO4¢7H20(c). Combining this value with the standard enthalpies
of formation of H90(X) and CoSO0,*6H20(c) yielded AHf®[CoSO4*7H20(ec)] = -712.10 kecal/
mol, which is the adopted value. The low-temperature (15-310 K) heat capacities and
S398 are those reported by Rao and Giauque (40). They found that the transition
CoS0,*7H20(c) to CoSOL*6H20(c) and saturated solution occurs at 317.78 K with an
enthalpy of transition equal to 2.848 kcal/mol heptahydrate.

Nickel
NiSO4(c)

The CODATA AHf°[SOE—(aq)] value (8) was used in recalculating the results of
Adami and King (2) to obtain AHE®°[NiSOy(e)] = -208.71 kcal/mol. This value is
adopted. Low-temperature (9-70 K) heat capacities of NiSO,(c) were measured by
Stuve, Ferrante, and Ko (44) and have been combined with earlier work of Weller (50)
to provide data to 300 K. It is noted that Cps9g[NiSOy(c)] = 33 cal/mol*K, reported
by Wagman (48), is in error. The correct value is 23.33 cal/mol*K, as reported by
Weller (29)7_ High-temperature enthalpy data (to 1,200 K) for NiSOy(c) are taken
from the work of Stuve, Ferrante, and Ko.

NiSOy+H20(c)

The enthalpy of solution at infinite dilution, AH®°soln[NiSOy+H;0(c)] = -14.0
kcal/mol, is taken from the work of Goldberg (15). Combining this result with the
CODATA value for 50§ (aq) (8) and Wagman's value for NiZ (aq) (48) for the enthalpy
of formation of the infinitely dilute ions, yielded AHf°[NiSOyu*H20(c)] = -284.61
kcal/mol. S%g9s estimated by Mah and Pankratz (31) is adopted, and the heat capaci-
ties were estimated as discussed in the section "Estimation Procedures for
Hydrates.”

N1iSOy*4H20(c)

Kohler and Zaske (26) reported the vapor pressure as a function of temperature
over the range 313-326 K, for the reaction NiSO4*6H20(e) = NiSO4*4H20(c) + 2H0(g).
Their data gave AG39g = +5.053 kcal for this reaction. The entropy of NiSOy*4H50(c)
was estimated by noting that S39g[NiSOL*6H20(c)] = 79.94 cal/mol*K, while
S39g[NiSO4(c)] = 24.2 cal/mol*K. Linear interpolation yielded S°59g[NiSOy*4H70(c)]
= 61 cal/mol*K. Combining the above value with the standard Gibbs energy change for
Hy0(g) to H20(R) (47) vyielded AH = -5.3 kcal for the reaction NiSOy+4H,0(c) +
2H50(2) = NiSO4*6H20(c). This value combined with the standard enthalpy of forma-
tion of NiSO4*6H30 (see below) and Hr0(R) (47) yielded AHf®[NiSOy+4H,0(c)] = -499.4
keal/mol, which is the adopted value. Wagman (48) reported AHf°[NiSOy+4H20(c)] =
-502.9 kcal/mol. However, using the latter value with the above estimated entropy
requires NiSQ,*6H30(c) to be unstable with respect to NiSO4*4H20(c) and 2H90(L) at
298 K. Alternatively, accepting Wagman's value for the enthalpy of formation of
NiSC4+4H20(c) (48) together with the above Gibbs energy data of Kohler and Zaske
(26) requires 5%9g[N1SOy *4H20(c)] = 53 cal/mol*K. This value is too low to be
acceptable. Using the above adopted value AHf°[NiSOy*4H20(c)] = -499.4 kcal/mol,
NiSO4+6H20(c) was calculated to be stable to 360 K with respect to NiSOyu*4H;0(c) and



2H50(4L). Cp°(NiSOy°*4H20) and its temperature dependence were estimated as described
earlier.

N1S0y *6H20(c)

Goldberg (15) reported the enthalpy of solution at infinite dilution, AH®soln
[N1S04*6H20(c)] = +1.15 kcal/mol. Combining this result with CODATA (8) values for
the heat of fprmation of SO (aq) ion at infinite dilution and AHf(H20,%) together
with AHf°[N12 (ag)] (48) yielded AHf°[NiSO4+6H30(c)] = -641.34 kcal/mol, which is
the adopted value. Low-temperature (1.1-320.98 K) heat capacities and entropies are

those reported by Stout (43).
Ni50,+7H20(¢)

Goldberg (15) reported the enthalpy of solution at infinite dilutionm, AH%soln
[NiSOyu*7Ho0(c)] = +2.89 kcal[mol. Combining this value with the enthalpies of
formation of Ni? {aq) and so% (aq) at infinite dilution together with the standard
enthalpy of formation of water yielded AHf°[NiSO4+7H20(c)] = -711.40 kcal/mol, which
is the adopted value. Low-temperature (1-300 K) heat capacities and entropies are
those reported by Stout (43). Stout (43) reported the transition from NiSO4*7H20(c)
to NiSO,*6H50(c), and saturated solution occurs at 304 K. Additional differential
scanning calorimeter (DSC) data for the above nickel sulfate hydrates were given by

Friesen, Burt, and Mitchell (13).
Copper
Cusoy(c)

The CODATA (8) values for the standard enthalpy of formation and entropy at 298
K for CuSO4(c) are adopted. The heat capacities are those adopted by King, Mah, and
Pankratz (23). The enthalpy of solution at infinite dilution, AH°soln[CuSOy(c)] =
-17.56 kcal/mol was reported by Larson (29). Combining this result with the CODATA
values for the enthalpies of formation of the infinitely dilute ions yielded
AHf®[CuS0y(c)] = =-184.14 kcal/mol, which is to be compared with the adopted CODATA
value of -184.3 kecal/mol.

CuSOy, *H70(c) and CuSO04*3H20(e)

The standard enthalpies of formation, entropies, and heat capacities at 298.15
K are those from Wagman (ég). The high-temperature heat capacities were estimated.

CuS0y4*5H,0(c)

The heat of solution at infinite dilution, AH®soln[CuSO4+53H20(c)] = +1.43
kcal/mol, was reported by Larson (29). Combining this result with the heat of solu-
tion of CuSOy (see above) yielded AH®° = +18.99 kcal/mol for the reaction CuSOy*
5H20(¢) = CuSOyu(ec) + 5H20(%). Combining this result with the CODATA (8) wvalues for
the standard enthalpies of formation of CuSO4(c) and H0(R) yieldeJ'AHf°[CuSOu-
5H90(c)) = -544.87 kcal/mol, which is the adopted value. Alternatively, combining
the enthalpies of formation of the ions at infinite dilution with the enthalpy of
formation of water and the enthalpy of solution at infinite dilution of CuSOy-e
5H20(c) gave AHf°{CuSO4*5H20(c)] = -544.71 kcal/mol, in good agreement with the
adopted value. The entropy and heat capacity values at 298.15 K are those reported
by Wagman (48). The high-temperature heat capacities were estimated.
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Malinin, Drakin, and Ankudimov (33), from vapor pressure measurements of water
over CuSO4+5H20(c) at 24.06 and 31.477 C, calculated AG®° = 5.4 kcal, AS® = 72 cal/K,
and AH® = 27 kcal at 298.15 K for the reaction

CuS04+5H20(c) = CuSOy+3H20(c) + 2H,0(g).

This is in good agreement with the data given here, for which AG® = 5.46 kcal, AS® =
71.3 cal/mol+K, and AH® = 26.7 kcal at 298.15 K.

Cu;5804,(c)
The enthalpy of formation at 298.15 K is from Wagman (48). The entropy at
298.15 K was estimated by Nagamori and Habashi (35), using Latimer's method. The
heat capacities were estimated by comparison with KpSOy{c) (10).

Cu0+CusS0y(c)

All data for CuO+CuSO4(c) are from the compilation of King, Mah, and Pankratz
(23).

Zinc
ZnSoy{c)

CODATA (8) enthalpy of formation values for SOE—(aq) and Zn0(c) were used in
recalculating the results of Adami and King (2) to obtain AHE®[ZnSO0y(c)] = -234.26
kcal/mol. JANAF (12) reported the same value for ZnSOy(c). This value is adopted
here. The enthalpy of solution at infinite dilution, AH®soln[ZnSO4(c)] = -19.9

kcal/mol, was taken from Larson (29). Combining this result with the CODATA values
for the heats of formation of the infinitely dilute ions yielded AHf°[ZnSO,(c)] =

-234.16 kcal/mol.

Low-temperature heat capacities of ZnS0y{a,c) have been measured by Weller (50)
from 51.7 to 296.5 K. We adopt his entropy and heat capacity values in this region.
High-temperature enthalpy data have been measured by Hosmer and Krikorian (16) as
well as by Voskresenskaya and Patsukova (ﬁg) and Krestovnikov and Felgina (21). The
enthalpy data of Hosmer and Krikorian (16) lie above those of 46 and 27. Hosmer and
Krikorian reported that the low values of 46 and 27 may be due to decomposition to
the oxysulfate during vacuum dehydration. Chemical analysis of the sample of Hosmer
and Krikorian indicated pure ZnS504{(c). However, serious problems remain in matching
the low-temperature heat capacity data with the high-temperature enthalpy data of
Hosmer and Krikorian. JANAF (12) recognized this problem and arbitrarily assigned a
transition at 540 K with AH°r = 1.20 kcal/mol. There is no evidence in the litera-
ture for such a transition and Brown (7} found none by DSC measurements in our
laboratories. In addition, the data of Voskresenskaya and Patsukova (46) match
nicely the low-temperature heat capacity data of Weller (50). Therefore, the high-
temperature enthalpy data of &g}for Zn80y{a,c) are adopted.

The transition of ZnSOu(a,c) to ZnSOL{B,c) occurs at 1,015 #15 K with a AH’
given by Hosmer and Krikoriam (16) as 4.87 kcal/mol, which is the adopted value.
This value is in good agreement with that reported by Ingraham and Marier (17, 4.74
kcal/mol) from differential thermogravimetric analysis (DTA) measurements.
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ZnS0y *H,0(¢)

The enthalpy of solution at infinite dilution was calculated from Wagman (47)
to be AH°soln ([ZnSOy*H0(c)] = -10.63 kcal/mol. Combining this result with the heat
of solution of ZnSOy(c) (27) and the heat of formation of ZnSO,(c) and Hy0(R) (47)
ylelded AHf®[ZnSOy*H,0(c)] = -311.85 kcal/mol, which is the adopted value.

The entropy at 298.15 K is taken from Wagman (47), and the heat capacity at 282
K was reported by Kelley (21) to be 34.7 cal/mol*K. The high-~temperature heat

capacities were extrapolated as discussed earlier.
ZnSO4*6H0(c)

The enthalpy of solution at infinite dilution, AH®soln[ZnSO4¢6H20(c)] = -0.15
kcal/mol was reported by Larson (29). Combining this value with the enthalpy of
solution of ZnSO,(c) (29) and the adopted enthalpy of formation of ZnSO4(c) and
Wagman's H20(R) (47) yielded AHf’[ZnSOy4+6H20(c)] = -663.90 kcal/mol, which is the
adopted value. The entropy and heat capacity at 298.15 K are taken from Barieau and
Gliauque (4). They also reported that ZnS0,°6Hy0(c) decomposes to the monohydrate
and saturated solution at 60.3° C. Heat capacities above 310 X, the highest temper-—
ature reported by Barieau and Giauque, were extrapolated by fitting the lower
temperature data as discussed earlier.

ZnS0y *7H20(c)

The enthalpy of solution at infinite dilution, AH°soln[ZnSOy<7H30(c)] = 3.18
kecal/mol, was reported by Larson (29). Combining this value with the heat of solu-
tion of ZnSOg(c) (29) and the enthalpies of formation of ZnSO0,(c) and Hy0(R) (47)
gave AHf°[ZnSO4+7H70(c)] = -735.55 kcal/mol. The entropy and heat capacities are
from Barieau and Giauque (4), who reported that the transition of ZnSO04u+7H,0(c) to
ZnS0y *6H20(c) and Ho0(R) occurs at 311.27 X with AH} = 4.017 kcal/mol.

Zn0+2ZnS0y(c)

Ko and Brown (25), from hydrochloric acid solution calorimetry, determined
AHf°[Zn0<2ZnS04{(c)] = -550.31, which is the adopted value. High~-temperature
enthalpy data for Zn0+2ZnS0Oy(c) were reported by Hosmer and Krikorian (16). Their
S398 = 68.19 cal/mol*K and high-temperature enthalpy values are adopted.

THERMAL DECOMPOSITION OF ANHYDROUS METAL SULFATES

The thermodynamic properties for the thermal decomposition of anhydrous metal
sulfates were calculated as a function of temperature. These data are given in the
auxiliary tables 53-61 and are plotted in figures 1-3. These tables and figures
enable the reader to make a ready comparison of the stabilities of these metal
sulfates as a function of temperature. For CuSO,(c) and ZnS04(c), the decomposition
proceeds through the oxysulfates (22). The decomposition equations are:

2CuSO4(c) = Cu0+CuSO4{c) + SO03(g);
Cu0+CuS0y(c) = 2Cul(c) + 503(g);
3ZnS04{c) = Zn0+2ZnS04(c) + S03(8);
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Zn0+2Zn504(c) = 3Zn0O(c) + 2503(g).

The remaining systems all decompose directly to the metal oxide and SO03(g) (22).

Recall that the equilibrium,

S05(g) + 0.5 02(g) = SO03(g),

becomes important at higher temperatures.

That the S05(g)-503(g) equilibrium is

attained is critical for the evaluation of the experimental decomposition data.
However, recent work (24) indicates that attainment of equilibrium depends on the
solids involved and whether or not a catalyst is present.
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FIGURE 1. - Gibbs energy of decomposition for
Cr,(80,),(c) and Fe,(S0,);(c) according to the

reactions given in tables 53 and 55.
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FIGURE 2. - Gibbs energy of decomposition for
FeSO,(c), CoS0 ,(c), and NiSOd(c) according to
the reactions given in tables 54, 56, and 57.

FIGURE 3. - Gibbs energy of decomposition for
CuSO, (c), Cu0-CuSO,(c), ZnSC,(c), and ZnO
27nS0,(c) according to the reactions given in

tables 58-61.



TABLE 1. - Thermodynamic properties of V0SO4{c)

[Formation: V{(c) + S(c,R) + 2.5 0,(g) = v0S0,{(c)]
cal/mal*K keal/mol
T, K Cp° S° | <(6°- Hieg)/T| H°- Higs | AHF® AGF® Log KF
298.15 29.000 26.000 26.000 0 -312.900 -279.779 205.081
300 29.066 26.180 26,000 .054 ~312.900 -279.573 203.666
368.30 31.305 32.373 26.619 2.119 -312.841 -271.990 161.397
368.30 31.305 32.373 26.619 2.119 -312.937 -271.990 161.397
388.36 31,962 34,051 26.961 2,754 -312.905 -269.760 151.806
388.36 31.962 34,051 26,961 2.754 ~-313,318 -269.760 151.806
400 32.344 35.0M 27.181 3.128 -313.314 -268.455 146.675
432.02 33.250 37.527 27.855 4,178 -313.307 -264.865 133.988
500 35.174 42.531 29.515 6.508 -313.334 -257.234 112.436
600 37.55% 49,161 32.248 10.148 -313.088 -246.032 89.616
700 39.487 %5.101 35.095 14.004 -312.642 -234.890 73.335
717.82 39.751 56.097 35.604 14,710 -312.544 -232.911 70.912

Phase changes:

388.36 K, melting point of S; AH® = 0.413 kcal/mol.
432.02 K, second-order transformation of S; AH® = 0 keal/mol.
717.824 K, boiling peint of S to equilibrium mixture.

368.3 K, orthorhombic-monoclinic transformation of S; AH® = 0.096 kcal/mol.

Sources: The enthalpy of formation at 298 K and entropy at 298 K are from Wagman (4%). The
heat capacities are estimates.
TABLE 2. - Thermodynamic properties of V0504°H,0(c)
{Formation: V(ec) + S(e,&) + 3 0,(g) + Ha(g) = VOSO,*H,0(c)]
cal/mol*K kcal /mol
T, K . Log Kf
’ Cp° s° —(G°- Higg)/T| H°- Hige AHF® AGF 9
298.15 38.000 35.500 35.500 0 -387.550 ~340.652 249.7M
300 38.167 35.736 35,503 .070 -387.553 -340.361 247.949
350 42.667 41,957 35.983 z2.091 -387.518 -332.496 207.617
368.30 44.314 44,173 36.335 2.887 -387.458 -329.620 195.595
3468.30 44.314 44,173 36.335 2.887 -387.554 -329.620 195.595
388.36 46,119 46.571 36.801 3.794 -387.460 ~-326.466 183.717
388.36 46.119 46.571 36.801 3.794 -387.873 -326.466 183.717
400 47.167 47.948 37.106 4.337 -387.823 -324.627 177.365
432.02 50.049 51.689 38.047 5.894 -387.649 -319.574 161.664
450 51.667 53.763 38.634 6.808 -387.590 -316.742 153.829
500 56.167 59.440 40.432 9.504 -387.121 -308.893 135.015
550 60.667 65.004 42.413 12,425 -386.432 -301.100 119.644

Phase changes:

Sources:

432.02 K, second-order transformation of S; AH® = 0 keal/mol.

The enthalpy of formation at 298 K is based on Reggiani (41).

entropy at 298 K and the heat capacities are estimates.

The

368.3 K, orthorhombic-monoclinic transformation of S; AH®° = 0.096 kcal/mol.
388.36 K, melting point of S; AH® = 0.413 keal/mol.

13
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TABLE 3. - Thermodynamic properties of Y0S50,°3H,0{e)

[Formation: V(e) + S(c,8) + & 0(g) + 3H,(g) = VOS0,*3H,0(c)]
cal/mol’K kcal/mol
LK Cp® S° | (G- Hie)/T| H°- Hige |  AHF" AGF® tog Kf
298.15 57.000 54,500 54,500 0 -533.880 =459,427 336.765
300 57.244 54.853 54.500 . 106 -533.886 =458.964 334,351
350 63.844 64.173 55.222 3.133 -533.890 -8446.473 278.787
368.30 66.260 67.488 55,749 4,323 -533.,819 -441.904 262.223
368,30 66.260 67.488 55,749 4,323 -533.915 -441.904 262.223
388.36 68.908 71.071 56.448 5.679 -533,796 -436.895 245.860
388,36 68,908 71.071 56. 448 5,679 -534,209 -436.895 245.860
400 70.444 73.129 56.904 6.490 =534.137 -433,979 237.112
432.02 74.671 78.714 58.314 8.813 -533.875 -425.972 215.487
450 77.044 81,807 59.191 10.177 ~533.750 -421.484 204.698
500 83.644 90, 266 £1.878 14,195 -533.026 -409.044 178.791
550 90G. 244 98.548 64.835 18.542 -531.985 -396.693 157.629

Phase changes:

368.3 K, orthorhombic-monoclinic transformation of S; AH® = 0.096 kcal/mol.
388.36 K, melting point of §; AH® = 0.413 kcal/mol.
432.02 K, second-order transformation of S; AH® = O kcal/mol.

Svurces: The enthalpy of formation at 298 K is based on Reggiani (41). The
entropy at 298 K and the heat capacities are estimates.
TABLE 4, - Thermodynamic properties of VDS0,*SH,0(a,c)
[Formation: V{e) + S{c,k) + 5 82(g) + 5H;(g) = VDSO,*SH0(0,c)]

cal/mol*K kcal /mol

Ty K Log Kf
' Cp® 5° | (6°- H3g4)/T| H°- H3eg | OHF® AGF® o8

298.15 76.000 73.500 73.500 0 -676.690 -574,682 421.248
300 76.333 73.971 73.501 141 -676.700 -574.049 418.189
350 85.333 86.414 74.463 4.183 -676.734 -556.931 347.759
368.30 88.627 90.847 75.167 5.775 -676.646 -550.669 326.764
368.30 88.627 S0.847 75.167 5.775 -676.742 -550.66% 326.764
388.36 92.238 95.641 76.102 7.588 -676.588 -543.806 306.023
388.36 92.238 95,541 76.102 7.588 -677.001 -543.806 306.023
400 94,333 98.396 76.711 8.674 -676.900 -539.816 294.938
432.02 : 100.097 105.879 78.595 11.787 -676.527 -528.855 267.533
450 103.333 110.026 79.768 13.616 -676,319 =522, 714 253.861
500 112.333 121.379 B3.363 19.008 -675.289 -505.697 221.037
550 121.333 132.508 B7.328 24.849 ~-673.828 -488,805 194.231%

Phase changes:

Sources:

The enthalpy of formation at 298 K is based on Reggiani (41).

368.3 K, orthorhombic-monoclinic transformation of S; AH® = 0,096 kcal/mol.
388.36 K, melting point of S; AH® = 0.413 keal/mol.
432.02 K, second-order transformation of S; AH® = 0 kcal/mol.

entropy at 298 K and the heat capacities are estimates.

The



TABLE 5. - Thermodynamic properties of V0S0,*5H,0(B,c)

[Formation: V{c) + S{c,k) + 5 0,(g)} + 5H,(g) = V0SO,*5H,0(B,c)]
cal/mol *K keal /mnl
K cp® S° | -(G°- Higg)/T| H°- H3ey |  AHF® AGF® Log KF
298.15 76.000 73.500 73.500 0 -676.200 -574.192 420,889
300 76.333 73.97 73.501 141 -676.210 ~573.559 417.832
350 85,333 86.414 74.463 4,183 -676.244 -556.441 347.453
368.30 88.627 90.847 75.167 5.775 -676.156 -550.179 326.473
368.30 88.627 90.847 75.167 5.775 -676.253 ~-550.179 326.473
388.36 92.238 95,641 76.102 7.588 -676.098 =543.316 305.748
388.36 92.238 95.641 76.102 7.588 -676.511 -543.316 305.748
400 94,333 98,396 76.711 B8.674 -676.410 -539.326 294.670
432,02 100.097 105.879 78.595 11.787 -676.037 -528.365 267.285
450 103.333 110.026 79.768 13.616 -675.829 -522.224 253.623
500 112.333 121.379 83.363 19.008 ~674.799 -505.207 220.823
550 121.333 132,508 87.328 24,849 -673.338 -488.315 194.036

Phase changes:

432,02 K, second-order transformation of S5; AH® = 0 kcal/mol.

368.3 K, orthorhombic-monoclinic transformation of S; AH® = 0.096 kcal/mol.
388.36 K, melting point of S; AH® = 0.413 kcal/mol.

Sources: The enthalpy of formation at 298 K is based on Reggiani (41). The
entropy at 298 K and the heat capacities are estimates.
TABLE 6. - Thermodynamic properties of V0S0,°6H,0(c)
[Formation: V(c) + S(c,&) + 5.5 Dz2(g) + 6Hy(g) = V0SO,*6H,0(c)]
cal/mol*K keal/mol
T, K Log Kf
’ Cp® s° —(G°- H34¢)/T| H°- H34a AHT® AGF® o9

298.15 85.000 83.000 83.000 0 -746.920 ~-631.13% 462.628
300 85.388 83.527 §3.000 .158 -746.932 -630.416 459.252
350 95.888 97.478 84,078 4,690 -746.998 -610.984 381.511
368.30 99.731 102.463 84.869 6.480 -746.905% -603.874 358.335
368.30 99.731 102.463 84,869 6.480 -747.001 -603,874 358.335
388.36 105.944 107.862 85.919 8.522 -746.830 -596.083 335.442
388.36 103.944 107.862 85.919 8.522 -747.243 -596.083 335.442
400 106.388 110.968 86.603 9.746 -747.127 ~591,554 323,206
432.02 113.112 119.416 p8.722 13.260 746,691 -579.116 292.959
450 116.888 124.105 50.043 15.328 ~746.437 =572.148 277.870
500 127.388 136.964 94.094 21.435 -745.225 -552.842 241,644
550 137.889 149,597 98.566 28.067 -743.510 -533.681 212.063

Phase changes:

Sources:

388.36 K, melting point of S; AH® = 0.413 kcal/mol.
432,02 K, second-order transformation of S; AH® = 0 kcal/mol.

The enthalpy of formation at 298 K is based on Reggiani (41).

entropy at 298 K and the heat capacities are estimates.

The

368.3 K, orthorhombic-monoclinie transformation of S; AH® = 0.096 kcal/mol.
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TABLE 7. - Thermodynamic properties of Cr2(50,);(c)

[Formation: 2Cr(c) + 3S(c,k) + 6 0,(g) = Cr,{(50,),(c)]
cal/mol*K keal /mol
Ts K Cp° S° | (B6°- Hige)/T| H°- Hies | AHF® AGF® Log Kf
298,15 67.250 61.850 61.B50 0 -705.000 -625.554 458.538
300 67.458 62,267 61.850 0.125 -705.003 -625.061 45%.351
311,50 £8.655 64.827 61.913 0.908 -705.028 -621.996 436,390
368.30 74.565 76,844 63.301 4.988 -704.951 -606.857 360.106
368,30 74.565 76.844 63,301 4.988 -705.239 -606.857 360.106
388,36 76.653 80.855 64.106 6,505 -705.198 -601.498 338.489
388,36 76.653 80.855 64.106 6.505 -706.437 -601.498 338,490
400 77.864 83.137 64.627 7.404 -706.446 -598.354 326.921
432,02 BO.675 89.241 66.228 9.942 -706.476 -589.702 298.314
500 86.643 101.485 70.199 15.643 -706.648 -571.292 249,708
600 93,796 117.939 76.807 24,679 -706.029 ~544,264 198. 245
700 99,322 132.834 83.7865 34.348 -704.802 -517.391 161.535
717.82 100.017 135.340 85.015 36.124 -704.532 -512.622 156.073

Phase changes:

311.5 K, second-order transition for Cr; AH® = O kcal/mol.
368.3 K, orthorhombic-monoclinie transformation of S3; AH® = 0.096 kcal/mol.
38B8.36 K, melting point of S; AH® = 0.413 kcal/mol.

432.02 K, second-order transformation of S; AH® = 0 keal/mol.
717.824 K, bpiling point of S to equilibrium mixture,.

Sources: The enthalpy of formation at 298 K is based on Jacob (12). The entropy at 298 K is
from Kubaschewski (28). The heat capacity at 298 K is from Vasileff (ﬁz). The
high-temperature eﬁzﬁélpy values are estimates,

TABLE 8. - Thermodynamic properties of Cr,(50,)s(c)
[Formation: 2Cr(e) + 1.55,{q) + 6 Dy(g) = Crz(504)s(c)]
cal/mol®K kcal/mol

Ts K Cp® 5° —(G°- H3eg)/T | H°- Higs AHF® AGF® Log Kf

298.15 67.250 61.850 61.850 0 -751.065 -654.095 479.458

300 67.458 62.267 61.850 125 ~751.059 -653.493 476.063

311.50 6B.655 64.827 61.913 «908 -751.030 ~649,753 455.864

400 77.864 83.137 64,627 7.404 -750. 399 -621.051 339.322

500 86.643 101.485 70.199 15.643 -749.03 -588.852 257.384

600 93.796 117.939 76.807 24,679 -747.112 -556.986 202.880

700 99.322 132.834 83.765 34.348 ~744.777 -525.476 164.059

800 103.222 146.369 90.758 44,489 -742.154 494,329 135.043

900 105,495 158.674 97.632 54,938 ~739,370 -463.517 112.556

Phase change:

Sources:

The enthalpy of formation at 298 K is based on Jacob (18).
298 K is from Kubaschewski (EE). The heat capacity at 298 K is from Vasileff (fﬁﬂ-
The high-temperature enthalpy values are estimates.

311.5 K, second-order transition for Crj AH® = D kcal/mol.

The entropy at



TABLE 9. - Thermodynamic properties of [Cra(H,;0)¢(50,)31%2H;0(c)

[Formation: 2Cr(c) + 35(c,R) + 10 05{g) + BHz{(g) = [Cr,(H;0)¢(50,)51%2H,0{(c)]
cal/mol®K kcal/mol
n X o S G PP PV T 56T tog ¥
298.15 | t41.000 138.000 138.000 0 -1302. 500 -1112.880 815,752
300 141.536 138.874 138.004 +261 -1302,523 -1111.705 809.866
311.50 | 144.87 144,261 138.136 1.908 -1302.642 -1104.387 774.833
350 156.03 161.781 139.778 7.701 ~-1302.907 -1079.863 674.288
368.30 | 161.343 169,869 141,074 10.605 -1302.707 -1068.215 633,873
368.30 161.343 169.869 141.074 10.605 -1302.995 -1068.215 633.873
388.36 | 167.160 178.577 142.786 13.900 -1302.867 -1055.428 593.935
388.36 167.160 178.577 142.786 13.900 -1304.106 -1055.428 593.936
400 170.536 1B3.563 143,507 15.865 -1304.033 -1047.977 572.581
432,02 | 179.822 197.047 147,341 21.474 -1303.706 -1027.492 519.780
450 185.036 204.486 149.477 24,754 -1303.633 -1015.995 493.428
500 199.536 224.732 155.994 34.369 -1302.486 -984.087 430.139
550 214.036 244,430 163.143 44,708 -1300. 649 -952.329 378.416

Phase changes:

311.5 K, second-order transition for Cr; AH® = 0 kecal/mol.

368.3 K, orthorhombic-menoclinic transformation of S; AH® = 0.096 kcal/mol.
388.36 K, melting point of 5; 8H® = 0.413 keal/mol.
432.02 K, second-order transformation of S; AH® = 0 keal/mol.
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Sources: The enthalpy of formation at 298 K is from Wagman (48). The entropy at 298 K and heat

capacities are estimates. -

TABLE 10. - Thermodynamic properties of [Cr{Hy0)¢1,(50,)s"2H,0(c)

[Formation: 2Cr(c) + 3S5(c,t) + 13 O,(g) + 14H;{(g) = [Cr(H,0);]1,(50,)4*2H,0(c)]

T, K cal/mol°*K _ S keal /mol _ Log Kf
Cp® 5° —(G°- Hzg9)/T| H°— Hogy AHF® AGF

298.15 | 197.000 195.000 195.000 0 -1732.000 -1459.716 1069.987
300 197.925 196.221 195.004 . 365 -1732.036 -1458.028 1062.159
311.50 | 203.675 203,774 195.190 2.674 -1732.212 -1447.520 1015.574
350 222.925 228.609 157.503 10.887 -1732.473 -1412, 309 881.874
368.30 | 232.075 240.203 199.339 15.050 -1732.167 -1395.585 828,132
368.30 | 232.075 240.203 199.339 15.050 -1732.45% -1395.585 828.132
388.36 | 242.105 252.773 201.774 19, 806 ~1732.134 =1377.242 775.034
388.36 | 242.105 252.773 201.774 19.806 -1733.373 -1377.242 775.034
400 247,925 260.009 203.364 22.658 -1733.151 -1366.573 746.651
432.02 | 263.935 279.708 208.293 30.853 -1732.274 -1337.260 676.483
450 272.925 290.653 211.366 35.679 -1731.804 -1320.828 641.473
500 297.925 320.703 220.803 49.950 -1729.203 =1275.29M 557.422
550 322.925 350.271 231.231 65.472 -1725.405 -1230.071 488.779

Phase changes:

Sources:

311.5 K, second-order transition for Cr; AH® = O keal/mol.

368.3 K, orthorhombic-monoclinic transformation of S; 4H® = 0,096 kcal/mol.
388.36 K, melting point of S; AH" = D0.413 kcal/mol.
432.02 K, second-order transformation of S; AH° = 0 kcal/mol.

The enthelpy of formation at 298 K is from Wagman (48).

capacities are estimates.

The entropy at 298 K and heat



TABLE 11, - Thermodynamic properties of [Cr(H;0);1;(50,)*3H,0(¢)
[Formation: 2Cr(c) + 35(c;&) + 13.5 05(g) + 15H;(g} = [Cr(H,0)41,(50,}3°3H,0(c}]

cal/mol*K kcal/mol
T K p° S° [ (G°- Hige)/T] H°- Higg ] AHF" AGF® Log Kf
298,15 | 206.000 |  204.000 204.000 0 1802.100 | -1515.889 111,162
300 206.999 |  205.277 206.004 382 | -1802.139 | ~1514.115 1103.018
311.50 | 213.209 | 213.180 206.197 2.798 | -1802.327 | -1503,070 1054. 547
350 233,999 | 239.2%4 206.623 11.407 | -1802.595 | -1666.057 915.436
368.30 | 243.881 |  251.391 208.547 15.780 | -1802.272 | -1448.478 859.518
368.30 | 243.881 | 251.391 208,547 15.780 | -1802.560 | -1448.478 859.519
388,36 | 254.713 |  264.608 211.100 20.781 | -1802.205 | -1429.198 804.272
388.36 | 254.713 |  266.608 211.100 20.781 | -1803.464 | -1429.198 804.272
400 260.995 |  272.223 212.768 23,782 | -1803.195 | -1417.986 776,741
432.02 | 278.290 | 292.978 217.944 32.416 | -1802.218 | -1387.186 701.739
450 287.999 |  304.523 221.174 37.507 | -1801.675 | -1369.922 665.316
500 314.999 | 336.264 231,100 52.582 | -1798.806 | -1322.089 577.877
550 | 341.999 |  367.553 242.086 69.007 | -1794.640 | -1274.606 506.475

Phase changes: 311.5 K, second-order transition for Cr; AH® = 0 keal/mol.
368,3 K, orthorhombic-monoclinic transformation of S; AH® = 0.096 kcal/mol.

388.36 K, melting point of 5; AH® = 0.413 keal/mol.
432,02 K, second-order transformation of S; AH® = 0 kecal/mol.

Sources: The enthalpy of formation at 298 K is from Wagman (48). The entropy at 298 K and heat
capacities are estimates,

TABLE 12. - Thermodynamic properties of [Cr(H0)¢1,(50,)4%4H,0(c)
[Formation: 2Cr(c) + 3S(c,2) + 14 0,(g) + 16Hz(g) = [Cr(Hy0)¢1;(50,)4°4H,0(c)

T, K cal/mol*K kecal/mol _ Log Kf
Cp® 5° —(G°- Hiea)/T| H°- Hioe AHF® AGF
298.15% 216.000 214,000 214,000 0 -1871.300 -1571.461 1151.897
300 217.073 215,339 214.002 401 -1871.339 -1569.601 1143.439
311.50 223.743 223,630 214,206 2.936 -1871.529 -~1558.031 1093.108
350 246.073 250.979 216.753 11.979 -1871.765 -1519.260 948.656
368.30 256.687 263,730 218.775 16.579 -1871.407 -1500.847 890,594
368.30 256.687 263.790 218.77% 16.579 -1871.695 -1500, 847 890.594
388.36 268.322 277.707 221.457 21.845 -1871.286 -1480.655 833.229
388.36 268.322 277.707 221.457 21.845 ~-1872.525 -1480.655 833.229
400 275.073 285,731 223.211 25,008 -1872.238 -1468.915 802.567
432.02 293.645 307.618 228.655 34.114 -1871.128 -1436.669 726.771
450 304,073 319,804 232,055 39,487 -1870.494 -1418.599 688.957
500 333.073 353.342 242,512 55.415 -1867.304 =-1368.544 598.183
550 362.073 386.448 254,095 72.794 -1862.723 -1318,877 524,067

Phase changes: 311.5 K, second-order transtion for Cr; AH° = 0 kecal/mol.
368.3 K, orthorhombic-monoclinic transformation of S; AH® = 0.096 kcal/mol.

388.36 K, melting point of S; AH® = 0,413 kcal/mol.
432.02 X, second-order transformation of S; AM® = 0 kcal/mol.

Sources: The enthalpy of formation at 298 K is from Wagman (4B). The entropy at 298 K and heat
capacities are estimates.



TABLE 13. - Thermodynamic proparties of [Cr(Hs0)¢1,(50,),°5H,0(e)

[Formation: 2Cr{c) + 35(c,&) + 14.5 0,{g)} + 17H,(qg} = [Cr(H,0)41,(50,)s*5H,0(c)]
cal/mol*K kcal /mol
K Cp° 5° | (G°- Hisa)/T| H°- Hige | AHE® AGF® Log KF
298.15 225.000 223.000 223.000 0 -1940.700 -1626.934 1192.560
300 226.128 224,395 223.005 417 -1940.742 -1624,989 1183.789
311.50 | 233.143 233.033 223.217 3.058 ~-1940.946 -1612.881 1131.590
350 256.629 261.5%44 225.870 12.486 ~-1941.200 -1572.308 981.780
368.30 267.792 274.907 227.977 17.284 -1940.836 -1553.038 921.563
368,30 | 267.792 274,907 227.977 17.284 -1941.124 -1553.038 921,564
38B.36 | 280,029 289.428 230.774 22.779 -1940.698 =1531.907 B62.071
388B.36 280.029 289.428 230.774 22.779 -1941.937 -1531.907 862.071
400 287.129 297.803 232.603 26,080 -1941,635 -1519.623 830.273
432.02 306.661 320.654 238.281 35.587 ~1940.463 -1485.884 751.668
450 317.629 333.382 241.829 41.199 -1939.781 -1466.977 712.452
500 348.129 368,426 252.740 57.843 -1936.409 -1414,608 618.317
550 378.629 403.037 264.833 76.012 -1931.575% -1362.649 541.460

Phase changes:

311.5 K, second-order transition for Crj AH® =

0 keal/mol.

368,3 K, orthorhombic-monoclinic transformation of S; AH® = 0.096 kcal/mol.
388,36 K, melting point of S; AH® = 0.413 keal/mol.
432.02 K, second-order transformation of 53 AH® = D kcal/mol.
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Sources: The enthalpy of formation at 298 K is from Wagman (48). The entropy at 298 K and heat
capacities are estimates,
TABLE 14. - Thermodynamic properties of MnS0,(c¢)
[Formation: Mn(c) + S{c,&) + 2 0,{g) = MnS0,(c)]
cal/mol *K kecal/mol
T, K 3 3 Log Kf
’ Cp® S° [ -(G°- Hieq)/T| H°= Hige | AHF AGF d

298.15 24.020 26.790 26.790 0 -254.700 -228.901 167.787
300 24.110 26.939 26.789 .045 -254.703 -228.740 166.635
368.30 26.780 32.208 27.314 1.802 -254.735 -222.825 132.223
368.30 26.780 32.208 27.314 1.802 -254.831 -222.825 132.223
388.36 27.564 33.649 27.605 2.348 -254.826 -221.081 124.412
388.36 27.564 33.649 27.605 2.348 -255.239 -221.081 124.412
400 28.019 34.470 27.793 2.67M -255.249 -220.057 120.232
432.02 28.859 36.660 28.370 3.582 -255.283 -217.240 109.896
500 30.643 41.018 29.796 5.611 -255,406 -211.236 92.330
600 32.674 46.7N 32.158 8.780 -255.346 -202.40% 73.725
700 34.313 51.956 34.623 12.133 -255.131 -193.600 60.444
717.82 34,550 52.822 35.064 12.747 -255.079 -192.033 58.466

Phase changes:

Sources:

388.36 X, melting point of S; AH® = 0.413 kcal/mol.
432.02 K, second-order transformation of 5; AH® = O keal/mol.
717.824 K, beiling point of 5 to equilibrium mixture,

The enthalpy of formation at 298 K is taken from Southard (42), corrected for sulfate
ion CODATA (8) value.
from Moore {34).

368.3 K, orthorhombic-monoclinic transformation of S; AH® = D.096 kcal/mol.

The entropy at 298 K and low-temperature heat capacities are

The high temperature enthalpy data are from Southard (ﬂg).
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TABLE 15. - Thermodynamic properties of MnS504(c)

[Formation: Mn{c) + 0.55;(g) + 2 D,(g) = MnS0,(c)]
1, K _ cal/mgl'K — _ kc?l/mul _ Log KF
Cp 5 Z(G°- Hig)/T| H°- Hieg AHF AGF
298.15 24,020 26.790 26.790 0 -270.055 -238.414 174,760
300 24.110 26.939 26.789 .045 -270.055 -238.217 173.539
400 28,019 34.470 27,793 2.671 -26%.900 ~227.623 124.366
500 30.643 41.018 29.796 5.611 -269.534 -217.089 94,888
600 32.674 46.791 32.158 8.780 -269.040 -206.646 75.270
700 34,313 51.956 34,623 12.133 -268.456 -196,295 61.285
800 35.642 56.627 37.086 15.633 ~267.806 -186.032 50.821
200 36.702 60.889 39.498 19.252 -267.104 -175.853 42.703
980 37.350 64.044 41,374 22.216 -266.516 -167.763 37.412
980 37.350 64.044 41.374 22.216 -267.048 -167.763 37.412
1000 37.512 64.800 41.835 22.945 -266.901 -165.743 36.223
1100 38,085 68.404 44.089 26.747 -266,150 -155.653 30.92%

Phase change:

980 K, a-B transition of Mn; AH® = 0.532 kcal/mol.

Sources: The enthalpy of formstion at 298 K is from Southard (42), corrected for sulfate ion
CODDATA (E) value. The entropy at 298 K and low—tempe;;fure heat capacities are from
Moore (34). The high-temperature enthalpy data are from Southard (42).
TABLE 16. - Thermodynamic properties of MnSG,*H;0(a,c)
{Formation: Mn(c) + S(c,i) + 2.5 0,(g) + Hy(g) = MnSO,*H,0(a,c)]
cal/mol*K kecal /mol
K Cp® S° | -(G°- H3gq)/T| H°- Higs | AHF® AGF® Log Kf
298.15 33.000 35.000 35.000 0 -329.100 -289.139 211,942
300 33.167 35.205 35.002 .061 ~329.107 ~286.89 210.454
350 37.667 40.655 35.421 1.832 -329.161 -282.182 176.200
368.30 39.314 42.617 35.730 2.536 -329.135 ~279.726 165,988
368.30 39.314 42.617 35.730 2.536 -329.231 -279.726 165.988
388.36 41,120 44.749 36.141 3.343 -329.176 -277.030 155.897
388.36 41.120 44,749 36.141 3.343 -329,58% -277.030 155.897
400 42.168 45.979 36.409 3.828 -329.561 -275.456 150.500
432,02 45,050 49,335 37.242 5.224 -329.448 -271.129 137.157
450 46,669 51.205 37.763 6.9049 -329.423 -268.700 130.497
500 51.169 56.355 39.365 B8.495 -329.055 -261.970 114.505
550 55.670 61.443 41.141 11.166 -328.472 -255.288 101.441

Phase changes:

Sources:

432,02 K, second-order transformation of S; AH® = 0 kcal/mol.

36B.3 K, orthorhombic-monoelinic transformation of 53 AH® = 0.096 keal/mol.
388.36 K, melting point of S; AH® = 0.413 keal/mol.

The enthalpy of farmation at 298 K is from Wagman (4B) corrected for sulfate ion
CODATA (8) value.

The entropy at 298 K and heat capacities are estimates.



TABLE 17, - Thermodynamie properties of MnS0,°*4H,0(c)

(Formation: Mn(c) + S{c,%) + 4 0;(g) + 4H,(g) = MnS0,*4H,0(c)]
cal/mol*K keal /mol
T, K Cp° §° [ (G°- H3ee)/T| H°- Hige | AHF® AGF® Log Kf
298.15 61.000 65.000 65,000 0 -539,800 =458.954 336.418
300 61.266 65.378 65.001 .113 -539.813 -458.452 333,978
350 68,467 75.363 65.774 3.356 -539,963 -444.877 277.790
368.30 71.103 78.920 66.340 4.633 ~539.941 -439.905 261.037
368.30 71.103 78.920 66.340 4,633 -540,037 -439,905 261.037
388.36 73.992 B2.766 67.087 6.089 -539,.967 -434.452 244,485
388.36 73.992 82.766 67.087 6.089 ~540, 380 434,452 244,485
400 75.668 B4,976 67.576 6.960 -540.334 -431.278 235.636
432,02 80. 280 50.978 £9.089 9.45%6 -540.140 ~422.555 213.759
450 82,869 94,304 70,031 10.923 -540,047 -417.662 202.842
500 90.069 103. 408 72.914 15,247 ~539,402 ~404.093 176.627
550 97.270 112.330 76.094 19.930 -538.418 -390.609 155,212

Phase changes:

368.3 K, orthorhombic-monoclinic transFormation of S; AH® = 0.096 kcal/mol.
389,36 K, melting point of 5; AH® = 0,413 kcal/mol.
432.02 K, second-order transformation of S$; AH® = O kcal/mol.

Sourcest The enthalpy of formation at 298 K is from Wagman (48), corrected for sulfate ion
CODATA (8) value. The entropy at 298 K and heat caE;Eities are estimates.
TABLE 1B. - Thermodynamic properties of MnS0,*S5H,0(c)
[Formation: Mn(c) + S{c,k) + 4.5 02(g) + 5Hy{(g) = MnS50,*5H,0(c)]
I, K _ cal/mol®K _ — kcal/mol Log Kf
Cp 5° ~(G°- H3gg)/T| H°- Higs AHF® AGF®

298.15 78.000 75.000 75.000 0 -610, 300 -515.826 378.105
300 78,333 75.484 75.001 145 -610.300 ~515.239 375.347
350 87.332 88.234 75.988 4.286 -610.075% -499.408 311.84
368.30 90.626 92.769 76.710 5.914 -609,8%4 -493.626 292.915
368.30 90.626 92.769 76.710 5.914 -609.990 -493.627 292,915
388.36 94,237 97.670 77.666 7.769 -609.732 -487.294 274.220
388.36 94,237 97.670 77.666 7.769 ~610.145 -487.294 274,222
400 96.332 100,484 78.285% 8.878 -609,984 -483.614 264,231
432.02 102.095 108.120 80.218 12.054 -609.449 -473.519 239.540
450.00 | 105.331 112,349 81.418 13.919 -609.151 -467.866 227.224
500 114,331 123.913 85.0NM 19.411 -607,.87M -452.232 197.668
550 123.330 135.232 89.137 25.352 -606.166 -436.748 173.546

Phase changes:

Sources:?

432.02 K, second-order transformation of 5; AH® = 0 kcal/mol.

368.3 K, orthorhombic-monoclinic transformation of S; AH® = 0.096 keal/mol.
388.36 K, melting point of 5; AH® = 0.413 keal/mol.

The enthalpy of formation at 298 K is from Wagman (48), corrected for sulfate ion

CODATA

(8) value.

from Wagman (48).

The entropy at 298 K is estimated.

The heat capacity at 298 K is
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TABLE 19. - Thermodynamic properties of MnS0,°*7H,0(c}

[Formation:

Mn{c) + S(c,k) + 5.5 0,(g) + THp(g) = MnSO,°7H,0(c)]

cal/mol*K kcal/mol
T, K Cp° 5° (G- Hise)/T | H'- Hige AHF® AGF® Log Kf
298.15 91.000 94,000 94,000 0 -750.400 -628.37 460.602
300 91.444 94,564 94,001 .169 -750.416 -627.61%3 457,210
350 103.443 109.562 95.159 5.041 -750.504 -607.132 379.105
368.30 107.835 114,946 96.010 6.974 -750,403 -599.638 355.822
368.30 107.835 114.946 96.010 6.974 -750.499 -599.638 355.822
388.36 112.649 120.790 97.138 9.186 -750. 307 -591.425 332.820
388.36 112.649 120,790 97.138 9.186 -750.720 -591.425 332.820
400 115.442 124.158 97.875 10.513 -750.587 -586.653 320.528
432,02 123.127 133,339 100.164 14.332 -750.087 -573.%48 290.142
450 127.442 138.448 101.592 16.585 -749,.783 -566.206 274,984
500 139,441 152.496 105.982 23.257 -748.391 -545.877 238.599
550 151.440 166.349 110.842 30.529 -746.429 -525.717 208.898

Phase changgs:

432.02 K, second-order transformation of S; 8H® = 0 kcal/mol.

369.3 K, orthorhombic-monoclinic transformation of S; AH® = 0.096 kcal/mol.
388.36 K, melting point of S; AH” = 0.413 kcal/mol.

Sources: The enthalpy of formation at 298 K is from Wagman (48), corrected for sulfate ion
CODATA (E) value. The entropy at 298 K and heat ca;;Eities are egtimates.
TABLE 20, - Thermodynamic properties of FeS0,(c)
[Formation: Fe(c) + S(c,k) + 2 02{g) = FeS0,(c)]
I, K cal/mol*K kcal/mol Log KF
Cp* s° —(G°- H24)/T | H°- H3gy | AHF® Agre
i 0 0 @ -4,008 -220.529 -220.529 ®

100 10.534 10.223 46.563 -3.634 -221.810 -214.108 467.926
200 18.845 20.319 30.964 -2.129 -222.512 -206.098 225.211
298.15 24.040 28.909 28.909 0 -222.800 -197.969 145.114
300 24.140 29.058 28.908 .045 -222.802 -197.814 144,106
368.30 26.694 34.282 29.430 1.787 -222.831 -192.122 114.004
368.30 26.694 34.282 29.430 1.787 -222.927 -192.122 114.004
388,36 27.445 35.718 29,718 2.330 -222.919 -190.443 107.171
388.36 27.445 35.718 29.718 2.330 -223,332 -190. 444 107.171
400 27.880 36,535 29.505 2.652 -223.341 -189.458 103.514
432.02 28.818 38.718 30.478 3.560 -223.372 -186.745 94,469
500 30.810 43,085 31.899 5.593 -223.481 -180.948 79.100
600 32.990 48,904 34,257 8.788 -223.3%0 -172.469 62.821
700 34.570 54,113 36.727 12.170 -223.159 -163.998 51.202
717.82 34.773 54.985 37.170 12.788 -223.108 -162.492 49.472

368.3 K, orthorhombic-monoclinic transformation of S; 4H° = 0.096 keal/mol.
388.36 K, melting point of S; AH® = 0.413 kcal/mol.

432.02 K, second-order transformation of S; AH® = 0 kcal/mol.

717.824 K, boiling point of 5 to equilibrium mixture.

Phase changes:

Enthalpy of formation at 298 K is based on Wagman (48). Heat capacities and entropy

at 298 K are from JANAF (10).

Sources:



TABLE 21. - Thermodynamic properties of FeS04(c)
[Formation: Fe(c) + 0.55,{g) + 2 0,(g) = FeS0,(c)]

cal /mol*K keal /mol
T K Cp° S®  J-(G°- Hlge)/T | Ho- Hagy | BHF° AGF® Log KF
D 0 0] el -4,008 -235.847 -235.847 b
100 10.534 10.223 46,563 -3.634 -237.331 -227.598 497.408
200 18.845 20.319% 30.964 -2.129 -237.995 -217.560 237.735
298.15] 24.040 28.909 28.909 0 -238.155 -207.483 152,087
300 24,140 29.058 28.908 .045 -238.154 -207.292 151.010
400 27.880 36,535 29,905 2.652 -237.992 -197.023 107.647
500 30.810 43,085 31.899 5.593 -237.609 -186.821 81.658
600 32.990 48.904 34.257 8.788 -237.085% -176.710 64.366
700 34,570 54,113 36,727 12.170 -236.484 -166.693 52,043
800 35.710 58.808 39.199 15.687 -235.864 -156.768 42,826
900 36.510 63.061 41.618 19.299 ~-235,282 ~-1646.916 35,676
1000 37.160 66.943 43,960 22.983 =234.83 -137.126 29.968
1043 37.396 68.512 44,940 24.586 -234.773 -132.926 27.853
1100 37.710 70.511 46.214 26.727 -234.544 -127.364 25.305
1185 38.126 73.333 48.058 29.951 ~234,029 -119.100 21,965
1185 38.126 73.333 48.058 29,951 =234.244 -119.099 21.965
1200 38.200 73.813 48.377 30.523 -234.117 -117.644 21.426
1300 38.640 76.889 50,454 34,365 -233.261 -107.974 18,152
1400 39.040 79.767 52.446 38.250 =-232.404 -98.367 15.356
1500 39.420 82.473 54.358 42.173 ~231.544 -88.824 12.941
1600 39.780 85.029 56.196 46.133 -230.684 ~-79.337 10.837
1667 40,008 B6.666 57.388 48.806 -230.108 -73.011 9.572
1667 40,008 86.666 57.388 48.806 -230.308 -73.011 9.572
1700 40.120 87.451 57.964 50.128 -230.850 -69.900 8.986
1800 41,460 89.754 59.667 54.157 -229.269 -60.500 7.346
1811 40,495 90, 001 59.850 54,602 -229.186 -59.472 7.177
1811 40,495 90, 001 59,850 54,602 -232.486 -59.472 1.177
1900 40.780 91,950 61.308 58.219 -231.864 -50.985% 5.865
2000 41.100 94,050 62.894 62.313 -231.146 -41.484 4.533
Phase changes: 1043 K, Curie temperature of Fe; 4H® = O kcal/mol.
1185 K, a-y transition point of Fe; AH® = 0.215 kcal/mol.
1667 K, Y-8 transition point of Fe; AH® = D.200 keal/mol.
1811 K, melting point of Fej; AH® = 3.300 kcal/mol.
Sources: Enthalpy of formation at 298 K is based on Wagman (ﬂ§)~ Heat capacities and entropy

at 298 K are from JANAF (12).
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TABLE 22, - Thermodynamic properties of FeS0,*H,0{c)

[Formation: Fe(c) + S(c,k) + Hy(g) + 2.5 0,(g) = FeS0,"Hy0(c)]
cal/mol*K kcal/mol
Ty K Cp° S° | —(G°- Hieg)/T| H°- Hies | AHF® AGF® Log Kf
298.15 33.346 37.700 37.700 g -297.400 ~-258.581 189.542
300 33.513 37.507 37.700 062 -2%7.404 -258.339 188.198
350 38,015 43,41 38.125 1.850 -297.429 -251.825 157.244
368.30 39.663 45.390 38.438 2.561 -297.391 -249.441 148.017
368,30 39.663 45,390 38.438 2.561 -297.487 -249.441 148.017
388.36 41.469 47.541 38.853 3.374 -297.420 -246.825 138.899
388,36 41,469 47.541 38.853 3.374 -297.833 -246.825 138.899
400 42.517 48.781 39.123 3.863 -297.798 -245,297 134,022
432.02 45,400 52.165 39.964 5.271 -297.668 -241.099 121.965
450 47.019 54.049 40. 489 6.102 -297.634 -238.745 115.949
500 51.521 59.236 42,106 8.565 -297.242 -232.221 101.502
550 56.023 64.357 43.895 11.254 -296.636 -225.744 89.701

Phase changes:

432.02 K, second-order transformation of S; 4H° = 0 kcal/mol.

717.824 K, boiling point of S to equilibrium mixture.

368.3 K, orthorhombic-monoclinic transformation of 53 AH® = 0.096 kcal/mol.
388.36 K, melting point of S; AH® = 0.413 kcal/mol.

Sources: Enthalpy of formation at 298 K is based on Adami (1). The entropy at 298 X is from
Pribylov (22). Heat capacities are estimates.
TABLE 23. - Thermodynamirc properties of FeS0,"4H20{c)
[Formation: Fefe) + S{c,%)} + 4H;(q) + 4 0,(g) = FeS04°4H,0(c)]
cal/mol*K kcal /mol
T, K . Log Kf
’ Cp® 5° —(G°- H3gg)/T| H°- Hige AHF® AGF o9
298,15 65.924 67.500 67.500 0 -509.500 -429,736 315.001
300 66,150 67.909 67.502 122 ~509,503 -429.241 312.698
350 73.390 78.653 68.333 3.612 -509,392 -415.868 259.676
368.30 76.025% 82.460 68.941 4,979 -509.276 -410.981 243.874
368.30 76.025 82,460 68,941 4,979 -509,372 ~-410,981 243.874
388.36 78.914 86.567 69.746 6£.5933 ~-509.198 -40%.625 228.263
388.36 78.914 86,567 69.746 6,533 -509.612 -405.625 228,263
400 80. 590 88.922 70.270 7.461 -509.506 -402,510 219.919
432,02 85.201 95,303 71.888 10.116 =509.147 -393.958 199,293
450 87.790 98.830 72.894 11.671 -508.963 -389.169 189.004
500 94,950 108.452 75.972 16.240 -508.066 -375.903 164,305
550 102,190 117.844 79.353 21.170 -506.830 -362.743 144,139

368.3 K, orthorhombic-menoclinic transformation of S; AH®° = 0.096 kcal/mol.
388.36 K, melting point of §; AH® = 0.413 kcal/mol.

432,02 K, second-order transformation of S; AH® = 0 kcal/mol.

717.824 X, boiling point of S to equilibrium mixture.

Phase changes:

Sources: Heat of formation at 298 K is based on Larson (29). Entropy at 298 K is based on

Malinin (32). Heat capacity at 298 K is from Kelley (21).



TABLE 24. - Thermodynamic properties of FeS0,°7H,0(c)
[Formation: Fe{c) + S(c,L} + THy(g) + 5.5 0;(g) = FeS0,*7H,0(c)]

cal/mol*K keal/mol
T K Cp° 5° Z(G°- Hieg)/T]| H°- Mige ARFe AGF® Log Kf
298.15 94.313 97.800 97.800 0 -720. 440 -599.881 439.719
300 94,784 98. 385 97.802 75 ~720.448 -599.133 436.462
350 107.210 113.937 99.003 5.227 -720.343 ~578.913 361.485
368.30 | 111,543 119.511 99,884 7.229 -720.169 -571.523 339.138
368.30 111.543 119.511 99.884 7.229 -720.265 -571.523 339.138
388.36 116,293 125,557 101.053 9.516 -719,992 -563.427 317.065
388,36 116.293 125.557 101.053 9.516 ~720.405 -563.427 317.065
400 112.049 129.032 101.817 10.886 ~720.227 -558.724 305.269
432.02 126.254 138.478 104.185 14.816 -719.610 -545,819 276.115
450 130. 300 143.709% 105.660 17,122 -719,250 ~-538.595 261.574
500 140.964 157.99% 110.183 23.906 -117.739 -518.598 226.676
550 151.040 171.907 115.163 31,209 —715.741 -498.775 198.192

Phase changes: 368.3 K, orthorhombic-monoclinic transformation of S; AH® = 0.096 kcal/mol.
388.36 K, melting point of S; AH® = 0.413 kcal/mol.
432,02 K, second-order transformation of S; AH® = O kcal/mol.
717.824 K, boiling point of S to equilibrium mixture,

Sources: Enthalpy of formation at 298 K is based on Adami (1). The entropy and heat capacity
at 298 K are from Lyon (Zg). The high-temperature heat capacities are estimates.

TABLE 25, - Thermodynamic properties of Fez(50,),(c)
[Formation: 2Fe(c) + 35{c,k) + 6 0,{(g) = Fe,(50,)3(c)]

cal/mol*K keal/mol
K Cp° 5° | —(6°- Hyee)/T| H°- Hige | BHF® AGF® Log KT
298.15 | 64.950 67,550 67.550 0 -617.100 | -538.835 394,971
300 65.207 67.953 67.553 120 | -617.110 | -538.348 392.181
368.30 | 72.795 82.213 68.964 4.880 | -617.242 | -520.395 308.799
368,30 | 72,795 82.213 68. 964 4.880 | -617.530 | -520.395 308,799
388.3%6 75,024 86,134 69,752 6.362 -617.523 ~515.103 289.871
388.36 | 75.024 86.134 69,752 6.362 | -618.762 | -s15.103 289.871
400 76.317 88. 369 70.262 7.203 | -618.799 | -511.997 279.738
432,02 | 78.866 94,344 71.828 9.727 | -618.918 | -503.484 254,679
500 84.277 | 106.287 75.711 15.288 | -619.315 | -485.227 212,090
600 90.928 | 122.255 82.162 20,05 | -619.122 | -458.415 166.975
700 96.850 | 136.724 88.938 33,450 | -618.386 | -431.681 134,775
717.82 | 97.818 | 139.17 90.155 35.184 | -618.206 | -426.928 129.982

Phase changes: 368.3 K, orthorhombic-monoclinic transformation of S; AH® = 0.096 kcal/mol.
388.36 K, melting point of S; AH® = 0.413 kcal/mol.
432.02 K, second-order transfarmation of S; AH®° = 0 kcal/mol.
717.824 K, boiling point of S to equilibrium mixture,

Sources: Enthalpy of formation at 298 K is based on Barany (3). The entropy and high-
temperature enthalpy values are from Pankratz (37),
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TABLE 26. - Thermodynamic properties of Fey(50,};(c)

[Formation: 2Fe(c) + 1.58,(q) + 6 0,(g) = Fe,(50,),(c)]
eal/mol*K keal/mol
T, K Log Kf
’ o 57 | (G- Hiygd/T] H°- Higs | AHF® AGF® J
298.15 64.950 67.550 67.550 0 -663.165 -567.376 415.892
300 65.207 67,953 87,553 . 120 ~663. 166 -566,780 412,893
400 76.317 88,369 70.262 7.243 -662.752 -534.693 292.139
500 84.277 106.287 75.711 15.288 -661,697 -502.787 219.765
600 90.928 122.255 B2.162 24,036 ~660.206 -471.138 171.610
700 96.850 136.724 88.938 33,450 ~658.361 ~439.766 137.299
800 102,282 150,015 95,753 43,410 -656.226 -408.687 111.647
800 102.720 150.643 95,753 43.912 -655.724 -408.687 111.647
900 102.720 162.742 102.538 54,184 -653.579 -377.939 91.775
Phase changes: 800 K, @-B transition point of Fe,(S04)s; AH® = 0.540 kcal/mol.
Sources: Enthalpy of formation at 298 K is based on Barany (3). The entropy at 298 K and
high-temperature enthalpy values are from Pankratz (21).
TABLE 27. - Thermodynamic properties of CaS0,{c)
[Formation: Co(c) + 5(e,R) + 2 D,y{g) = CoSO,(c}]
cal/mol*K keal /mol
T, K Log Kf
’ Cp® 5° (G~ H39g)/T] H°- Hige AHF® AGF® 9
0 0 1] ® -4.120 -210.077 -210.077 o
100 10.625 9.022 46.032 ~-3.701 -211.334 -203.474 444,686
200 19.188 19.309 30.144 -2.167 -212.042 -195.303 213.414
298.15 24,670 28,060 28.060 0 -212.300 -187.020 137.087
300 24,773 28,213 28.060 046 -212.301 -186.861 136.126
368.30 27.404 33.608 28.596 1.846 ~212.266 -181.076 107,449
368.30 27.404 33.608 28.596 1.846 -212.362 -181.07¢6 107,449
388,36 28.177 35.082 28.894 2.403 -212.336 -179.372 100.940
388.36 28.177 35.082 28.894 2.403 -212.749 -179.372 100. 940
400 28.625 35.921 29.086 2.734 ~212.747 -178.372 97.457
432.02 29.345 38,153 29.676 3.662 =212.750 -175.621 88.842
500 30.874 42.568 31.134 5.717 -212.818 -169.763 74.202
600 32.466 48,344 33.531 8.888 -212.706 -161.159 58.701
700 33.746 53.447 35.018 12.200 -212,478 ~152.585 47.639
700 33.746 53,447 36.018 12.200 -212.586 -152.585 47.639
717.82 33.945 54.298 36.462 12.803 -212.532 -151.061 45.992

Phase changes:

Sources:

0.413 kecal/mol.

432.02 ¥, second-order transformation of $; AH® = 0 keal/mol.

Enthalpy of formation at 298 K is based on Adami (1).
heat capacities are from Weller (50).
estimates,

700 K, a-B transition for Co{c); AH® = 0.108 kcal/mol.
717.824 K, beiling point of S to equilibrium mixture.

368.3 K, orthorhombic-monoclinic transformation of S; AH® = (.096 kcal/mol.
388.36 K, melting point of S; AH® =

Entropy and low-temperature

The high-temperature heat capacities are



TABLE 28. ~ Thermodynamic properties of CoS0,(c)

[Formation: Co(c) + 0.55,(q) + 2 0y(g) = CoS0,{c)]
cal/mol *K keal /mol
Tr K Cp° 5% | —(G°- Hiea)/T| H'- Hies | AHF® AGF° log Kf
0 0 0 o ~4.,120 -225.395 -225.395 «
100 10.625 9.022 46,032 3,701 -226,.855 ~-216.964 474,168
200 19.188 19.309 30.144 -2.167 -227.525 -206.764 225,939
298.15 24,670 28.060 28.060 0 -227.655 -196.533 144,061
300 24,773 28.213 28,060 046 ~-227.653 -196.338 143.030
400 28.625 35.921 29.086 2.734 ~227.398 -185,937 101.590
500 30.874 42.568 31.134 5.717 -226.946 -175.616 76.761
600 32.466 48,344 33,531 8.888 ~226,400 -165,400 60,246
700 33.746 53.447 36.018 12,200 -225.803 -155.280 48.480
700 33,746 53.447 36.018 12.200 -225.91 -155.280 48.480
800 34.861 58.028 38.488 15.632 -225.262 -145.234 39.676
200 35.880 62,193 40.894 19.169 -224.593 -135.272 32.848
964 36.500 64,679 42.392 21.485 -224.156 -128.945 29.233
964 36.495 65.213 42,392 22.000 -223.641 -128.945 29.233
1000 36.837 66.557 43,237 23.320 -223.394 =125.413 27.409
1100 37.759 70.112 45.521 27.050 -222.706 -115.648 22,975
1200 38,653 73.436 47.710 30.871 -222.023 -105.938 19.294
1300 39.528 76.564 49.810 34.780 -221.372 -96.295 16.188
1394 40.336 79.352 51.709 38.534 ~220,839 -87.278
1400 40.388 79.525 51.828 38.776 ~-220.798 -86.703 13,535

Phase changes:

700 K, a-B transition for Co(cj; AH® = 0.108 kcal/mol.
964 K, a-B transition of CoSD4(c); AW°®
1394 K, Curie temperature of Co(c); AH°= 0 kcal/mol.

= 0,515 kesl/mol.
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Sources: Enthalpy of formation at 298 K is based on Adami (1). Entropy and low-temperature
heat capacities are from Weller ng). High-temperature heat capacities are estimates.
TABLE 29. - Thermodynamic properties of CoS04°H,0(c)
[Formation: Colc) + S(c,&) + 2.5 Qa(g) + H,(g) = CoS0,*H,0(c)]

1/mol®K kcal/mol

Ty K = Log KF
’ Cp* S° | —(C°= Hiea)/T| H°- Hies | AHF® AGF® 9

298.15 34.000 42.000 42.000 0 -286.800 -239.762 175.748
300 34.170 42,21 42,001 .063 -286.816 -239.469 174.450
350 38.668 47.816 42.433 1.884 -287.150 -231.553 144,586
368.30 40.314 49.829 42.751 2.607 -287.225 ~228.644 135.676
368.30 40.314 49,829 42,751 2.607 -287.321 -228.644 135.676
388,36 42.118 52,014 43,172 3.434 ~-287.377 -225.445 126.868
388.36 42.118 52.014 43,172 3.434 -287.790 -225.446 126,868
400 43,165 53.273 43.448 3.930 -287.827 -223.577 122.155
432.02 46,045 56.707 44,305 5.358 -287.893 =-218.431 110.498
450 47,662 58.617 44,839 6.200 -287.970 -215.534 104.676
500 52.159 63.871 46.479 B.696 -287.878 -207.488 90.692
550 56.656 69.053 48.297 11.416 -287.572 -199.462 79.258

Phase changes:

Sources:

432.02 K, second-order transformation of S; AH® = 0 keal/mol.

Enthalpy of formation at 298 K is based on Goldberg (15}).
from Goldberg (15).

Heat capacities are estimates.

368.3 K, orthorhombic-monoclinic transformation of S; AH® = 0.096 kcal/mol.
388.36 K, melting point of 5; AH® = 0.413 kcal/mol.

The entropy at 298 K is
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TABLE 30. - Thermodynamic properties of CaS504*6H20(c)

[Formation: Co{c) + S(c,k) + 5 0;(g) + 6Hy(g) = CoS0,*6H,0{c)]
cal/mol®K keal /mol
T K Cp® 5° T(6°- HS4g)/T| H°- Hige AHF® AGF® Log KF
0 0 0 @® -13.525 -630.143 ~-630.143 @
100 33.675 26.822 146.552 ~-11.973 -636.651 -603,724 1319.420
200 61.028 58.923 94.848 -7.185 -640.057 -569.293 622.086
298.15 84.340 87.863 87.863 D -641.330 -534.221 391.590
300 84,759 88,386 87.866 156 -641.338 =-533,556 388.690
337 92.978 98.715 88.489 3.446 -641.315 =-520.260 337.393
350 95,7%4 102,287 88,936 4,673 -641.241 =515.596 321.948
368.30 99,630 107.267 89.724 6. 461 ~-641.086 -509.030 302.055
368,30 99.630 107.267 89.724 6.461 -641.182 -509.030 302.055
388, 36 103.834 112.667 90.769 8.504 -640.938 -501.837 2B2.406
388.36 103.834 112.667 90.769 8.504 -641.351 -501.837 282.406
400 106.274 115.769 91.451 9.727 -641.195 -497.658 271.904
432,02 112.631 124.200 93.567 13.234 -640.655 -486.188 245.949
450 116.200 128.865 94.885 15.291 -640.349 -479.762 233.00
500 125.572 141.598 98.924 21.337 -639.026 -461.986 201.931
550 134,389 153.984 103.368 27.839 -637.273 -444,363 176.571

337 K Co50,*6H,0(c) dissociates to CopS0,*H;0(c) and saturated solution.
3608.3 ¥, orthorhombic-monoclinic transformation of 5; AH® = 0.096 kcal/mal.
388.36 K, melting point of S; AH" = 0.413 kcal/mol,

432,02 K, second-order transformation of S5; AH® = 0 keal/mol.

Phase changes:

Sources: Enthalpy of formation at 298 K is from Ko (22). Entropy at 298 K and heat capacities
are from Reo (40). The transition temperature is from Broers (6).
TABLE 31. - Thermodynamic properties of CoS50,*7Hz0(c)
[Formation: Colc) + S{c,®) + 5.5 0,(g) + 7H,(g) = Co0S0,*7H,0(c)]
cal/mol*K kcal/mol
T, K Log Kf
’ Cp® 5 —(G°- Higq)/T | H°- Higy AHF® AGF® o9
0 0 1] o« -15.097 -699.423 -699.423 =
100 37.564 28. 644 162.704 -13.406 ~706.857 -669.637 1463.471
200 69.109 64,777 104,832 -8.011 -710.647 -630.730 689,220
298.15 93,483 97.048 97.048 1] -712,100 ~591.120 433,297
300 93.924 97.628 97.051 .73 -712.110 -590. 369 430.078
317.78 98.144 103,156 97.237 1.881 -712.154 -583,151 401,051
350 105,746 112,998 98, 236 5. 166 -712.060 -570.078 355.968
368.30 110.019 118. 49 99.107 7.140 -711.91 -562.658 333.878
368.30 110.019 118.494 99.107 7.140 -712.007 -562.658 333,878
388.36 114,703 124.452 100. 263 2.394 -711.764 ~554.529 312.057
388.36 | 114.703 124.452 100,263 9.394 -712.177 =554,529 312,057
400 117.421 127.880 101.018 10.745 -712.016 -549, 806 300.396
432.02 124,804 137.204 103.354 14,624 =711.443 -536.842 271.574
450 128,949 142,377 104.810 16,905 =711.104 -529.579 257.195
500 140,331 156.554 109.278 23.638 -709,.628 ~-509, 483 222,692
550 151.565 170.457 114.210 30.936 -707.616 -489.562 194,531

317.78 K CoS0,*7H,0(c) dissociates to CoS0,"6H;8(c) and saturated solution;
AH® = 2.848 kcal/mol (heptshydrate).

368.3 K, orthorhombic-monoclinic transformation of S; AH® = 0.096 kecal/mol.

388.36 K, melting point of S; AH® = 0.413 kcal/mol.

432.02 K, second-order transformation of S; AH® = O kcal/mol.

Phase changgs:

Enthalpy of formation at 298 K is based on Ko (25) and Brodale (3). The entropy at

298.15 K is from Rao (QED. Heat capacities are from Rao (ﬂg).

Sources:



TABLE 32. - Thermodynamic properties of NiSD.{c)

[Formation: Ni(e) + 5{c,k) + 2 0,(g) = NisO,{c)]
cal/mol*K keal /mol
K Cp° S° [ -(G°- Hyae)/T| H°- H3ge | AHF® AGE Log Kf
Iy 0 0 w© -3.810 206,172 -206.172 ®
100 9.020 6.760 40.960 -3.420 -207,455 -199,375 435.728
200 17.840 15.990 26,190 -2,040 -208,312 ~190.929 208,635
298.15 23.330 24,210 24,210 0 -208.710 -182,294 133.623
300 23.420 24.350 24,217 .040 -208.718 -182.131 132.681
368.30 26.213 29.492 24.718 1.758 ~-208,788 -176,066 104.477
368.30 26.213 29.492 24.718 1.758 -208,884 -176.066 104.477
38B.36 27.034 30.905 25.001 2.293 -208.890 -174.278 98.074
388.36 27.034 30.905 25.001 2.293 -209.303 -174.278 98.074
400 27.510 31.710 25.185 2.610 -209,320 -173.228 94.646
432,02 2B.323 33.860 25.749 3.504 -209.374 ~-170.338 86.169
500 30.050 38.140 27.140 5.500 -209,539 ~-164,174 71.760
600 31.910 43.790 29.457 B.600 -209.588 -155.098 56.494
631 32.363 45.409 30,201 9. 5% -209.59 -152.281 52.743
700 33.370 48.820 31.863 11.870 -209.472 -146.011 45,586
717.82 33.584 49.662 32.294 12.467 -209.425 -144.396 43.963

Phase changes:

432.02 K, second-order transformation of 53 AH® = 0 keal/mol.

631 K, Curie temperature of Ni.
717.824 K, boiling peint of S to equilibrium mixture.

368.3 K, orthorhombic-monoclinic transformation of 5; AH® = 0.096 keal/mol.
388.36 K, melting point of S; AH® = 0,413 kcal/mol.
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Sources: Enthalpy of formation is based on Adami (2). Low-temperature heat capacities are from
Stuve (44) and Weller (22). High-temperature enthalpy data are from Stuve (ﬂﬁ).
Entropy at 298 K is from Stuve (44).
TABLE 33. - Thermodynamic properties of NiS8,(c)
{Formation: Ni{e) + 0.5 S,(q) + 2 0,(g) = Ni5S0,(c)]
cal/mol*K kcal/mol
T K Cp® /s° —(G°- H399)/T | H°- H3go AHF® . AGF® Log Kf
0 ] 0 bl -3.810 -221.490 ~-221.490 =
100 9.020 6.760 40.960 -3.420 -222.976 -212,865 465,210
200 17.840 15.%90 26.190 -2.040 -223.794 -282.390 221.159
296.15 | 23.330 24.210 24.210 1} -224,065 -191.807 140.597
300 23.420 24.350 24.217 .040 -224.070 -191.608 139.585
400 27.510 31. 710 25.185 2.610 -223.97M1 ~180.794 98.780
500 30.050 38.140 27.140 5.500 ~223.667 -170.028 74.318
600 31.910 43.790 29.457 8.600 -223.283 -159.339 58.039
631 32.363 45,409 30.201 9.596 =-223.166 -156.037 54.043
700 33.370 48.820 31.863 11.870 -222.797 -148.707 46.428
800 34.570 53.360 34.235 15.260 -222.176 -138.181 37.749
900 35.560 57.490 36.634 18.770 -221.482 -127.720 31.014
1000 36.380 61.280 38.910 22.370 -220.741 -117.343 25.645
1100 37.030 64.780 41.107 26.040 =219.975 -107.032 21.265
1200 37.530 68.020 43.212 29.770 -219.188 -96,795 17.629

Phage changet
Enthalpy of formation at 298 K is based on Adami (2),

are from Stuve (44) and Weller {50).
Entropy at 298 K is from Stuve (44),

Sources:

(44).

631 K, Curie temperature of Ni.

High-temperature enthalpy data are froem Stuve

Low-temperature heat capacities



TABLE 34. - Thermodynamic properties of NiS0,°H20(c)
[Formation: Ni(e) + S(c,R) + 2.5 0,{(g) + Ha(g) = Ni50,°H,0(c)]

cal/mol*K kcal/mol
"X tp° 5° | —(G°- H3e)/1| W°- Hagy | ARF° AGF® Log Kf
298.15 | 32,597 32.700 32.700 0 ~284.600 |  -244.105 178.932
300 32.763 32.902 32.702 .060 | -2B4.60B | -243.854 177.645
350 37.260 38,290 33.116 1.811 | -284.681 | -237.05 148.021
368.30 | 38.906 40.231 33,421 2.508 | -284.663 | -234.564 139.189
368.30 | 38.906 40.231 33.421 2.508 | -284.759 | -234.564 139.189
388,36 | 40,710 42,341 33,828 3.306 | -284.712 | -231.830 130.461
388.36 | 40.710 42.341 33.828 3.306 | -285.125 | -231.830 130. 461
400 41.757 43.559 34.094 3.786 | -285.103 | -230.234 125.792
432,02 | 44,636 46,884 34,917 5.170 | -285.005 | -225.844 114,249
450 46.253 48.737 35.433 5.987 | -284.989 | -223.383 108. 488
500 50,750 53.843 37.019 8.412 -284.650 -216.,554 94,654
550 55.246 58.891 38,778 11,062 | -284.099 | -209.770 83.354

Phase changes: 368.3 K, orthorhombic-monoclinic transformation of Sj AH® = 0.096 kcal/mol.
388.36 K, melting point of 5; AH® = 0,413 kcal/mol.
432.02 K, second-order transformation of S; AH® = 0 kcal/mol.

Sources: Enthalpy of formation at 298 K is based on Goldberg (15). Entropy at 298 K is from
Mah (31). Heat capacities are estimates.

TABLE 35. - Thermodynamic properties of NiS0,°*4H,0(c)
[Formation: Ni(e) + S(c,&) + 4 02(g) + 8H(g) = NiSO,*4H,0(c)]

I, K cal/mol *K kcal/mol Log KF
Cp° 5* —(G°= H39a)/T| H°- H3ag AHF® AGF®
298.15 60.500 61.000 61.000 0 -499.400 ~417.513 306.042
300 60,767 61.375 61.002 12 -499.414 -417.005 303.784
350 67.973 71.283 61.766 3.33 -499,587 -403.252 251.799
368.73%0 70.611 74.814 62.327 4.599 -49%.574 -398.215 236.298
368.30 70.611 74,814 62.327 4,599 -499.670 -398.215 236.299
388.36 73.502 7B.635 63.070 6.045 -49%.610 -392.689 220.983
388,36 73.502 78.635 63,070 6.045 -500,023 -392.689 220,983
400 75.180 80.830 63.555 6.910 -499,984 -389.473 212.796
432.02 79.795 86.795 65.058 9,39 -499,807 ~-380.634 192,552
450 82.387 90.102 65.993 10. 849 -499,.725 =375.677 182. 451
500 89.593 99,155 68,859 15.148 -499,113 -361.923 158.194
550 96,800 108.032 72,017 19.808 -498.163 348,248 138.379

Phase changes: 368.3 K, orthorhombic-monoclinic transformation of S; AH® = 0.096 kcai/mol.
388.36 K, melting point of S; AH® = 0.413 kecal/mol.
432,02 K, second-order transformation of §; AH® = 0 kcal/mol.

Sources: Enthalpy of formation at 298 K--see discussion in text. Heat capacities and entropy
at 298 K are estimates.



TABLE 36. - Thermodynamic properties of NiSD,*6H;0(m,c)

[Formation: Ni(e) + S{e,&) + 5 0,(g) + 6Hy(g) = NiSD,°6H,0(a,c)]
cal/mol*K kcal /mol
T, K Cp° S° | <(G°- Hieg)/T] H°- Hige | AHF® AGF° Log Kf
0 0 0 L -12.39 -629.014 -629.014 o

100 29.980 23.841 134,23 -11.039 -635,.719 -602.500 1316.745
200 56,680 53.128 86,428 -6.660 ~639.529 -567.626 620,265
298.15 78.361 79.935 79.935 0 -641.340 -531.879 389.873
300 78B.730 80.421 79.938 .145 -641.360 ~-531.200 386.974
350 88.180 93,280 80.931 4,322 ~-641,620 -512.814 320.211
368.30 91.254 97.852 81.660 5.964 -641.618 -506.079 300. 304
368.30 91.254 97.852 81.660 5.964 -641,714 ~-506.079 300.304
388.36 94.624 102.792 82.622 7.833 -641.653 -498.691 280.635
388.36 94,624 102.792 82.622 7.833 ~-642,066 ~-4989,691 280.8635
400 96.579 105.615 83.250 B.946 -642.025 ~-494,395 270.121
432.02 101,285 113,241 B5.191 12.118 -641.836 ~482.584 244,126
450 103.928 117.425 86.396 13.963 641,749 -475.959 231.154
500 110.227 128.710 950.068 19.321 ~-641.,146 =457.567 200

550 115.476 139.470 94.074 24.968 -640,283 -439,250 174,540

Phase changes:

368.3 K, orthorhombic-monoclinic transformation of S; AH® = 0.096 kcal/mol.
388.36 K, melting point of S; AH" = 0.413 kcal/mol.
432.02 K, second-order trensformation of §; AH® = O kcal/mol.

Sources: Erthalpy of formation is based on Goldberg ng). Low-temperature heat capacities and
entropies are from Stout (ﬁz). Heat capacities above 300 X are estimates.
TABLE 37. - Thermodynamic properties of NiS0,°*7H,0(c)
[Formation: Ni{e) + S(c,R) + 5.5 02(g) + 7Hp(g) = NiSO4*7H;0(c)]
cal /mol *K kcal/mol
T, K Kf
’ Cp° S° | —(G°- Hiea)/T| H°- Higs | AHF® AGF® Log
0 0 0 o -14,085% -697.707 -697.707 ®
100 34.700 26,549 152.079 -12.553 -705.296 -667.872 1459.615
200 64.800 60.327 97.867 -7.508 -709.432 -628.644 686.941
298.15 B7.142 90.570 90.570 0 ~-711.400 -588.500 431.377
300 B7.503 9M.110 90.570 162 -711.423 -587.737 428.161
304 88.277 92.274 90.587 S13 ~-711.466 -586.088 421,342
350 96.425 105,290 91.670 4,767 -711.777 -567.089 354.102
368.30 59.098 110.272 92.472 6.556 -711.820 -559.523 332.0%7
368.30 99.058 110,272 92.472 6.556 711,916 ~559,523 332.017
388,36 | 102,028 115.622 93.530 B.580 -711.912 -551,222 310.196
388.36 [102.028 115.622 93.530 8.580 -712.32% -551.222 310,196
400 103.728 118.660 94.218 9.777 -712.323 -546,393 298.532
432.02 |[107.368 126.8 96.333 13,163 -712.258 =533.113 269.687
450 109,412 131.222 97.640 15.112 -712.260 -525.659 255.292
500 113.477 142.974 101.592 20.691 -711.969 -504.939 220.706
550 115.923 153.917 105.857 26,433 -711.548 -484,257 192,423

Phase changes:

-Soiurees:

304 K NiSD,*7H,0(c) dissociates to NiS0,*6H20(c) and saturated solution,

368.3 K, orthorhombic-monoclinic transformation of 5; AH® = 0.096 kcal/mol.
388.36 K, melting point of S; AH® = 0.413 kcal/mol.
432.02 K, second-order transformation of S; 8H® = 0 kcal/mol.
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Enthalpy of formation at 298-K is based.en Goldberg.(13). .Heat capacities, entropies,

and transition temperature are from Stout (Ez).
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TABLE 38. - Thermodynamic properties of CuSO4{c)

[Formation: Cu(c) + S(c,&) + 2 0,{(g) = CuSO,(c)]
cal/mol*K kcal/mol
T, K Cpe S° [ -(G°- Hige)/T | H°- Hi, AHF® AGF® Log Kf
0 o 0 = -4,032 -181.932 -181.932 @
100 10.454 7.865 43,425 -3.556 -183.168 -175.136 382.756
200 18.419 17.786 28.176 -2.078 -183.956 ~166.762 182.227
298.15 23.632 26.173 26.173 0 -184.300 -158.235 115.988
300 23.710 26.319 26.172 044 -184.303 -158.072 115.154
368.30 26.353 31.491 26.685 1.770 -184.330 -152.095 90.252
368.30 26.353 31.491 26.685 1.770 -184.426 ~152.095 90. 252
388.36 27.130 32,910 26.97M 2.307 -184.416 -150.334 84.599
388.36 27.130 32.910 26.971 2.307 -184.829 -150.334 84,599
400 27.580 33,718 27.155 2.825 -184.836 -149.300 B1.573
432.02 28.448 35.875 27.723 3.522 -184,859 =146.455 74.088
500 30.290 40.180 29,128 5.526 -184.9456 -140.401 61.368
600 32.300 45.889 31.456 8.660 -184.805 -131.500 47.898
700 33.890 50.991 33,888 1.972 -184.488 -122.639 38.289
717.82 34.136 51.846 34,323 12.578 -184.416 =-121.065 36.85%9

Phase changes:

388.36 K, melting point of S; AH® = 0.413 kcal/mol.
432,02 K, second-order transformation of $; 4H° = 0 kcal/mol.
717.824 K, boiling point of S to equilibrium mixture.

368.3 K, orthorhombic-monoclinic transformation of S; AH® = 0.096 keal/mcl.

Sources: The enthalpy of formation at 298 K and entropy at 298 K are from CODATA (8). Heat
capacities are from King (23).
TABLE 39. - Thermodynamic properties of CuS0,{c)
[Formation: Cu(c) + 0.55;(g) + 2 Bg{g) = CuS0{e)]
cal/mol *K keal /mol
T, K Cp® 5° (G°~ Hi9a)/T | H°- Hige AHF® AGF® Log KF
0 0 0 ® -4.032 -197,250 -197.250 =
100 10.454 7.865 43.425 -3.556 -198.689 -188.626 412.237
200 18.419 17.786 28.176 -2.078 -199.439 -178.224 194.751
298.15 | 23.632 26.173 26.173 0 -199.655 -167.749 122.962
300 23.710 26.319 26,172 .044 -199.655 -167.550 122.058
400 27.580 33.718 27.155 2.625 -199.487 -156.966 85.706
500 30.290 40.180 29.128 5.526 -199.074 -146.254 63.927
600 32.300 45.889 31.456 8.660 -198.499 -135.741 49.443
700 33.850 50.991 33.8088 11.972 -197.813 -125.334 39.131
800 35.270 55.609 36.320 15.43 -197.036 -115.034 31.426
900 36.530 59.836 38.700 19.022 -196.176 -104.834 25.457
1000 37.700 63,747 41.013 22.734 -195.238 -94.736 20.704
1100 38.730 67.390 43,246 26.558 ~-194.232 -84.731 16,834
Sources: The enthalpy of formation at 298 K and entropy at 298 K are from CODATA (8). The heat

capacities are from King (23).



TABLE 40. - Thermodynamic properties of CuS0,*H0(c)

[Formation: Cu{c) + S(c,&) + 2.5 0,(g) + Hy(g) = CuS0,°H,0(c}]
cal/mol*K keal/mol
T K Co° S° [ -(G°- H3gg)/T| H°- Hige | AHF° AGF® Log Kf
298.15 32.000 34.900 34,900 0 -259.520 -219.447 160.857
300 32.180 35.099 34,902 .059 -259,527 -219.199 159.684
350 36.678 40. 397 35,308 1.781 -259.606 -212.468 132.669
368.30 38,324 42,308 35.609 2,467 -259,587 -210.003 124.615
368.30 38,324 42,308 35,609 2.467 -259.683 ~-210.003 124,615
388.36 40,129 44,387 36.009 3.254 -259.634 -207.298 116.656
388.36 40,129 44,387 36.009 3.254 -260.047 -207.298 116.656
400 41.176 45,588 36,271 3.727 -260.022 -205.718 112,397
432.02 44,057 48.869 37.084 5.091 -259.918 -201.375 101.870
450 45,674 50.698 37.591 5.898 -259,897 -198.940 96.617
500 50.172 55.743 39.153 B.295 -259.530 -192.183 84.002
550 54.670 60.736 40,889 10.916 -258.942 -185.474 73,699

368.3 K, orthorhombic-monoclinic transformation of S; AH® = 00,096 kcal/mol.
388.36 K, melting point of S; AH® = 0.413 kcal/mol.
432.02 K, second-order transformation of S; 8H® = 0 kcal/mol.

Phase changes:

Sources: The enthalpy of formation at 298 K, entropy at 298 K, and heat capacity at 298 K are
from Wagman (ﬁg}. The high-temperature heat capacities are sstimates.
TABLE 41. - Thermodynamic properties of CuS0,*3H,0{c)
[Formation: Cu(c) + S(c,R) + 3.5 Oalg) + 3Hz(g) = CuS0,*3H;0(c)]
cal/mol*K keal/mol
T K o o -] o L] L] o o L Kf
’ Cp 5 —(G°- H3ag)/T| H°- Higs | AHF AGF 9
298.15 49.000 52.900 52.900 0 ~402.560 -334.634 245.290
300 49.244 53.204 52.901 .091 -402,574 -334.212 243.470
350 55.843 61.290 53.524 2.718 -402.793 -322.797 201.561
368.30 | 58.259 64.198 53.983 3.762 -402.801 -318.614 189.064
368.30 58.259 64.198 53.983 3.762 -402.897 ~-318.614 189.064
388.36 60.907 67.357 54.592 4.957 -402.862 -314.024 176.715
388.36 60.907 67.357 54.592 4.957 =403.275 -314,024 176.715
400 62.443 69.178 54,991 5.675 =403.251 -311.349 170.111
432.02 66.669 74.147 56.227 7.742 -403.122 -303.997 153.784
450 69.042 76.914 56.998 8.962 403,071 -299.874 145,637
500 75.641 B4.530 59.372 12.579 ~-402.552 -288.432 126.072
550 82.240 92.048 62.001 16.526 -401.712 -277.056 110.091

Phase changes:

388.36 K, melting point of S; AH® = 0.413 kecal/mol.

368.3 K, orthorhombic-monoclinic transformation of S; AH® = 0.096 kcal/mol.

432.02 X, second-order transformation of S; AH® = 0 kecal/mol.

Seurces: The enthalpy of formation at 298 K, entropy at 298 K, and heat capacity at 298 K are

from Wagman (Eg). High-temperature heat capacities are estimates.



TABLE 42. - Thermodynamic properties of CuS04*5H20(c)
[Formation: Cu(e) + S(e,&) + 4.5 0y(g) + SH,y(g) = CuS0,*5H,0{c)]

cal/mol*K kcal/mol
r K Cp° S° [ (C°- Hig)/T| H°- Hige | AHF AGF® tog KF
298.15 | 67.000 71.800 71.800 0 -544.870 | -449.360 329.385
300 67.360 72,216 71.803 24 | -564.890 |  -448.767 326.923
350 76.354 83.275 72,655 3,717 | -545.188 | 432,717 270,197
368.30 | 79.646 87.250 73.262 5.148 | -545.197 | -426.836 253.282
368.30 | 79.646 87.250 73.282 5.144 | -585.293 | -426.836 253,282
388.36 83.254 91.567 74.113 6.779 ~-545.242 -420.383 236.568
388.36 | B3.256 91.567 76,113 6.779 | -545.655 | -420.383 236,568
400 85.348 94,057 74,657 7.760 | -545.613 | 416,629 227.633
432.02 | 91.108 | 100.848 76.347 10.585 | -545.405 | -406.312 205.542
450 94.362 | 104.629 77.402 12,252 | -545.290 | 400,526 194,520
500 103,336 | 115,035 80.647 17194 | -544.513 | -384.479 168.053
550 112.330 | 125.305 84.240 22.586 | -543.302 | -368.529 146.438

Phase changes: 36B.3 K, orthorhombic-monoclinic transformation of S; AH® = 0,096 kcal/mol.
388.36 K, melting point of S; AH® = 0.413 kcal/mol.
432.02 K, second-order transformation of 5; AH® = 0 kcal/mol.

Sources: The enthalpy of formation at 298 K is based on Larson (29). The entropy and heat
capacity at 798 K are from Wagman {(48).

TABLE 43. - Thermodynamic properties of Cuy50,(c)
[Formation: 2Cu(e) + S(c,8) + 2 02(g) = Cuy50,(c)]

cal/mal*K keal /mol
K £p® 5% 1-(G°- Hige)/T| H°- Miss | AWE° AGF° tog Kf
298.15 | 31.000 43,600 43.600 0 ~179.600 | -156.368 114,620
300 31,068 43.792 43.602 057 | -179.601 | -156.224 113.808
368.30 | 33.489 50. 411 46.262 2.265 | -179.550 | -150.905 89,546
368.30 | 33.489 50.411 44.262 2.265 | -179.646 | -150.905 89. 546
388.36 | 34.200 52,206 44,627 2,984 | -179.616 | 149,339 84.040
388.36 | 34.200 52.206 44.627 2.964 | -180.027 | -149.339 84.040
400 34.613 53.222 44.862 3,384 | -180,022 | -148.420 81.092
432,02 | 35,657 55.928 45.583 4.469 | -180.011 | -145.891 73.802
500 37.872 61,301 47.361 6,970 | -180.019 | -140.518 61.420
600 4D.846 68.473 50,291 10,909 | -179.699 | -132.640 48,314
700 | 43.535 74.975 53.361 15.130 | -179.112 | -126.840 38.976

Phase changes: 368.3 K, orthorhombic-monoclinic transformation of S; AH® = 0,096 kcsal/mol.
388.36 K, melting point of S; AH® = 0,413 kcal/mol.
432,02 K, second-grder transformation of $; AH® = 0 kcal/mol.

Sources: The enthalpy of formation at 298 K is from Wagman (ﬂg). The entropy at 298 K is from
Nagamor i (22). The heat capacities are estimates.



TABLE 44. - Thermodynamic properties of Cu0®CuS0.(c)

[Formation: 2Cu{c) + 5(c,%) + 2.5 03(g) = CuD*CuS0O,(c)]

cal/mol*K kcal/mol
T K Cp° S° [ (G- Woas)/T| - Higa | BHF° AeF Log KF

0 0 0 a -5.909 -216.376 -216.376 0

100 16.148 13.808 65,066 -5.126 -217.812 -208,065 454.719
200 26.484 28.410 43,205 =2.959 ~218.740 -197.915 216.268
298.15 33,450 40, 358 40.358 t; -219.100 -187.59%6 137.510
300 33.570 40,565 40,358 062 -219.103 ~187.400 136.519
368.30 36.659 47,790 41.078 2.472 -219.0%1 -180.180 106.918
368,30 36.659 47.790 41.078 2.472 -219.187 -180.181 106.918
388.36 37.566 49,759 41.476 3.217 -219.161 -178.056 100,200
388. 36 37.566 49,759 41.476 3.217 -219,574 -178.056 100. 200
400 38.892 50.876 41,734 3.657 -219.571 -176.812 96.604
$432.02 39.144 53.850 42.523 4.894 ~219.564 -173.390 87.713
500 41.376 59,750 44,470 7.640 -219,576 -166.119 72.610
600 43,701 67.511 47.678 11.900 =219.313 =155, 448 56.621
700 45.332 74,378 51.011 16.357 -218.879 -144.83% 45.219
717.82 45,547 75.520 51.605 17.167 -218.788 -142.951 43,523

Phase changes:

368.3 K, orthorhombic-monoclinic transformation of S; AH® = 0.096 kcal/mol.
388.36 K, melting point of S; AH® = 0.413 keal/mol.
432.02 K, second-order transformation of S; A8H® = 0 kcal/mol.
717.824 K, boiling point of S to equilibrium mixture.

Source: All data aere from King (23).
TABLE 45. - Thermodynamic properties of Cu0°®CuS0,(c)
[Formation: 2Cu(c) + 0.55,(g)} + 2.5 Da{g) = CuD*CuSD,(c)]
cal/mol *K keal/mol
T X cp® 5% | -(B°- Higg)/T| H°- Higs | BHF® AGF® Log Kf
4] 0 0 c -5.909 -231.693 -231.693 0
100 16.148 13.806 65.066 =-5.126 -233.332 -221.554 484,201
200 26.484 28.410 43,205 -2.959 -234.222 -209.376 228.793
298.15 33.450 40.358 40.358 0 -234.455 -197.110 144.484
300 33.570 40.56% 40,358 .062 -234.455 -196,.877 143.423
400 38.092 50.876 41.734 3.657 -234.222 -184.378 100.738
500 41.376 59.750 44.470 7.640 -233.704 -171.973 75.168
600 43,701 67.511 47,678 11.900 -233,007 -159.689 58.166
700 45,332 74.378 51.01 16. 357 -232.204 -147.530 46,060
800 46.539 80.513 54.322 20.953 ~231.340 -135.495 37.015
900 47.587 B86.055 57.545 25.659 -230.435 -123.568 30.006
1000 48.744 M.127 60.653 30.474 -229.483 =-111.745 24.421
1100 50,278 95,840 63,640 35,420 -228.466 -100.017 19.871
1200 52.455 100.303 66.511 40.551 -227.336 -88. 387 16.097
Source: All data are from King {(23).
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TABLE 46. - Thermodynamic properties of InS8,({c)
[Formation: Zn{c,k) + S{c,k) + 2 0,(g) = Zn50,{c)]

cal/mol *K kcal /mol
K Cp° S | =(G°- W3eg)/1| H°- Was | AHF® AGF Log KF
4] 0 0 o« -4,120 -231.823 -231.823 =
100 11.373 7.548 43.868 ~3.632 -233.125 -224.907 491,527
200 18.655 17.979 28,429 ~2.0%0 -233.902 -216.360 236.425
298,15 23.680 26.430 26.430 0 -234.260 -207.668 152.223
300 23.746 26.577 26.430 044 -234.263 -207.502 151.163
368,30 25.885 31.681 26.938 1.747 -234,330 -201.400 119.509
368.30 25.885 31.681 26.938 1.747 -234.426 =201.400 119.510
388.36 26.513 33.071 27.220 2.272 -234.431 -199.600 112.324
388,36 26,513 33,071 27.220 2,272 ~234,844 -199. 600 112,324
400 26.878 33.859 27.402 2.583 -234.862 -198.544 108.478
432,02 27.719 35.961 27.959 3,457 -234,917 -195.635 98. 966
500 29.506 40.144 29.336 5.404 ~235.080 -189.437 82.802
600 31.945 45.741 31.e11 8.478 -235.039 -180. 307 65.676
692.73 34,124 50.486 33.825 11,541 -234,805 -171.866 54.222
£92.73 34.124 50.486 33.825 11.541 -236.555 -171.866 54.227
700 34,295 50.843 34.000 11.7980 -236,533 -171.187 53.445
717.82 34.705 51.710 34,429 12.405 -236.470 -169.524 51.613

Phase changes: 368.3 K, orthorhombic-monoelinic transformation of 5; AH® = 0.096 keal/mol.
388.36 K, melting point of S; AH® = 0.413 keal/mol.
432.02 K, second-order transformation of S; AH® = 0 kcal/mol.
692.73 K, melting point of Znj AM® = 1.750 keal/mol.
717.824 K, beiling point of S to equilibrium mixture.

Sources: Enthalpy of formation at 298 K is based on Adami (2Z). Heat capacities of @-ZnSO, are
from Weller (22) and Voskresenskaya (ﬂé). Enthalpy and entropy values are taken from
JANAF (12).



TABLE 47. - Thermodynamic properties of ZnS50,{c)

[Formation: Zn(e,R,q) + 0.5S,(g) + 2 0,(q) = ZnS0,{c)]
cal/mol®K keal /mol
K cp® 5° [ =(G°- H3g9)/T | H°- Hige | AHF® AGF® tog KF
0 0 a el -4,120 ~-247.141 =247 ,141 ©
100 11.373 7.548 43,868 -3.632 -248.845 -238.397 521.009
200 18.655 17.979 28.429 ~-2.090 -249.384 -227.822 248,949
298.15 23.680 26.430 26.430 0] -249.615 -217.181 159.196
300 23.746 26.577 26.430 .044 -249.615 -216.979 158.067
400 26.878 33.859 27.6402 2,583 ~249,513 -206.110 112,612
500 29.506 40.144 29,338 5.404 -249,207 -195.290 85.360
600 31.945 45.741 31.eMm 8.478 ~248.734 -184,548 67.221
692.73 | 34.124 50.486 33.825 11.541 ~248.156 -174.672 55.107
692.73 | 34.124 50.486 33.825 11.541 -249.906 -174.672 55.107
700 34.295 50.843 34.000 11.790 -249.858 -173.882 54,288
800 36.597 55.573 36.404 15.335 -249.094 -163.080 44,551
900 38.871 60.615 38.783 19.109 -248.139 -152.383 37.003
1000 41.128 64.227 41,118 23.109 -246.986 -141.804 30.991
1015 41,466 64,842 41,285 23.910 -246.615 -140.046 30.154
1015 34.700 £9.640 41,285 28.780 -241.745 -140.046 30.154
1100 34.700 72.431 43.586 31.729 -241.241 -131.549 26.136
1180 34.700 74.867 45.625 34,505 -240.781 -123.584 22.889
1180 34.700 74.887 45,625 34.505 -268, 346 -123.584 22.889
1200 34.700 75.450 46,117 35.199 -268.184 -121.134 22.061
Phase changes: 692.73 K, melting point of Zn; AH® = 1.750 keal/mol.

1015 K, @-8 transition point For ZnSOa{c);
1180 K, boiling point of Zn; AH® = 27.565 kcal/mol.

8H® = 4,87 kcal/mol.
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Sources: Enthalpy of formation at 298 K is based on Adami (2). Heat capacities of a-ZInS0, are

from Weller (50) and Voskresenskaya (46). Heat capacities of B-Zn50, and AH for the

a—f transition are from Hosmer (16). Enthalpy and entropy values are taken from JANAF

(12).

TABLE 48, - Thermodynamic properties of ZnS0,*Ha0{c)
[Formation: Zn(c) + S{c,R) + 2.5 0,(g) + Hy(g) = Zn50,*H,0(c)]
cal/mol *K keal /mol

T K Cp® S5 _(G°- Hlaa)/1 H°- Hlgs __ BAF° AGF® Lag Kf
298.15 36,153 33.100 33,100 0 -311.850 =-270,637 198. 379
300 36.319 33.324 33,101 067 -311.850 -270,380 196.969
350 40,819 39.261 33.581 1.995 ~311,734 -263.476 164,520
368.30 42,466 41.383 33.897 2.757 -311.643 -260.955 154.849
368.30 42,466 41.383 33,897 2.757 -311.740 -260.955 154.849
388.36 44,272 43,682 34,341 3.628 =31.612 -258.190 145,295
388.36 44,272 43,682 34,341 3.628 -312.025 -258.198 145.295
400 45,320 45.005 34,632 4,149 -311.955 ~256.578 140.186
432.02 48.202 48.605 35.536 5.646 -311.726 -252.155 127.558
450 49.820 50.603 36.099 6.527 -311.634 -249.678 121.258
500 54,320 56.085 37.823 9. 131 -311.876 ~-242.820 106.135
550 58.820 61.473 39,729 11.959 -310.299 -236.030 93.788

Phase changes:

Sources:

388.36 ¥, melting point of S; AH® = 0.413 kecal/mol.
432,02 K, second-order transformation of S; AH® = 0 kcal/mol.

Enthalpy of formation is based on Wagman (47).

368.3 K, orthorhombic-monoclinic transformation of S5; AH® = 0.096 kcal/mol.

Entropy at 298 K is from Wagman (ﬂl).

Heat capacity at 298 K is from Kelley (21}, and high-temperature heat capacities are

estimates.
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TABLE 49, - Thermodynamic properties of InS04°6H,0(c)

{Formation: Zn{c) + S{c,L) + 5 0,{(g) + 6H;(g) = ZnS0,*&EH,0(c)]
cal/mol*K kcal/mol
Tr K o 5% [ (6°- Wigei/T | H°- Migs | AHF ACF Log Kf
298.15 84.994 86.900 86,900 0 -663.900 -555,678 407.318
300 B5.454 87.427 B6.900 «158 -663.906 -555.006 404.316
333.40 93.988 96.887 87.430 3.153 663,862 -542.882 355,865
350 98.362 101.559 §7.988 4,750 ~663.739 ~536.860 335.226
368,30 | 103.380 106.700 B8.791 6,596 -663.526. -530.231 314.636
368.30 103.380 106.700 88,791 6.596 -6£63.622 -530,231 314.636
388.36 | 108.880 112.317 89, 861 8,721 -663.296 ~522,973 294,300
388.36 | 108.880 112.317 89.861 8,721 -663.709 -522.973 294.300
400 112.072 115.580 90.563 16,0087 -663.489 -518,759 283.433
432.02 121.367 124.555 92.749 13,741 -662,719 -507,201 256,579
450 126.586 129.610 94.121 15.970 ~662.238 -500.740 243.18%
500 141.904 143.733 98.375 22.679 -660.243 -482.895 211.0M
550 158.026 158.008 103.146 30,174 -657.484 ~465.287 184,886

InS0,*6H,0{c) dissociates to ZnS04*H,0(c) and saturated solution at 333.4 K.
368,3 K, orthorhombic-monoclinic transformation of S; AH® = 0.096 kcal/mol.
388.36 K, melting point of S; AH® = 0.413 kcal/mol.

432.02 K, second-order transformation of S; AH® = § kcal/mol.

Phase changes:

Sources: The enthalpy of formation at 298 K is based on Larson (29). The entropy and heat
capacity at 298 K are from Barieau (4). The high-temperature heat capacity values are
obtained by extrapolating the low—teﬁberature values of Barieau (4).
TABLE 50, - Thermodynamic properties of InS0,*7H,0(c)
[Formation: Zn{c) + S{c,&) + 5.5 0,(g) + TH,(g) = ZnSUy*7H,0(c}]
cal/mol®K kcal/mol
T, K Cp® 5° —(G"- H392)/T | H°- Hige AHF® AGF® Log KF
0 0 0 = ~14,592 -722.154 -722,154 L]

106 36.630 26.991 156.231 -12.924 -729.724 -692.129 1512.627
280 66.139 £1.789 100. 464 -7.735 -733.798 -652.747 713.279
298.15 91.144 92.900 92.900 o -735.550 -612.507 448.974
300 91.620 93.465 92,502 169 -735.564 -611.743 445,649
311.27 94.590 96.898 92.982 1.219 -735.625 ~-607.090 426.246
350 103.820 108.512 94.063 5.057 -735.624 -591.093 369.090
368.30 108.143 113.913 94.917 6.996 -735.509 -583.539 346,268
368.30 108.143 113.913 94,917 6.996 -735,.605 -583.539 346.268
388.36 112.881 119.776 96.048 9.215 -735.398 -575.260 323.724
388.36 112.881 119.776 96.048 9.215 -735.811 -575.260 323.724
400 115.63 123.150 96.788 10.545 -735.669 -570.458 311.676
§32.02 122,962 132,336 99,083 14, 366 -735.152 =557.244 281.89%4
450 127.078 137.434 100.514 16.614 -734.843 -549,847 267.039
500 138.163 151,400 104,906 23.247 -733.458 =529, 360 231.380
550 148.885 165.074 109.756 30.425 -731.553 -509.038 202,270

311.27 K, InS04,*7H20(c) dissociates to ZnS0,*6H20 and saturated solution with AH
of dissociation = 4.017 kcal/mol hydrate.

368.3 K, ortherhombic-monoclinic transformation of S; AH® = 0.096 kcal/mol.

388.36 K, melting point of S; AH® = 0.413 keal/mol.

432,02 K, second-order transformation of S; AH® = 0 kcal/mol.

Phase changes:

memmﬂwoFﬁmﬂhnﬂZ%KisdemLumnQ@.TMeﬁmwﬂtNBKmd
heat capacities are from Barieau (5}. The AH of dissociation is from Barieau (4).

Sources:



TABLE 51. - Thermodynamic properties of Zn0® 2ZnS50,(c)

[Formation: 3Zn(c,R) + 25(c,&) + 4.5 Dy(g) = Zn0*2ZnS0,(c)]
cal/mol®K kcal/mol
K Cp° 5° T-(6°- Higg)/T| W°- Higo | AHF° AGF" tog Kf
298.15 56.686 68.190 68.190 0 -550, 310 -491.424 360.219
300 56.939 68,541 68.191 . 105 -550.317 -491.0%6 357.730
368.30 63,332 81.017 69.425 4,269 -550.352 ~477.553 283,377
368.30 63.332 81.017 6%2.425 4.269 -550.544 -477.553 283.377
388.36 65.209 B4.427 70. 114 5.559 -550.514 -473.577 266.502
388.36 65.209 B84.427 70.114 5.559 -551.340 -473.,578 266.503
400 66.299 86.369 70.559 6,324 -551.346 =471.247 257.474
432.02 67.919 91.537 71.925 8.473 -551.373 -864.835 235.147
500 71.359 101.753 75.297 13.228 -551.526 -451.197 197.215
600 74.727 115.077 80.842 20.541 -551,323 -431.143 157.042
692.73 77.108 125,991 86.169 27.586 -550.943 -412.604 130.171
692.73 77.108 125,991 86.169 27.586 -556.193 -412.603 130.171
700 17.295 126.797 86.587 28,147 -556,168 ~411.096 128.348
717.82 77.677 128.745 87.609 29.528 -556.095 -407.403 124,038

Phase changes:

368.3 X, orthorhombic-monoclinie transformation of S; AW® = 0.096 kcal/mol.
388.36 K, melting point of S; AH® = 0.413 kcal/mol.
432,02 K, second-order transformation of S; AH® = 0 kecal/mol.
692,73 K, melting point of Zn; 8H° = 1.750 kcal/mol.

717,824 K, boiling point of S to equilibrium mixture.

39

Sources: The enthalpy at 298,15 K is from Ko (25). High-temperature enthalpies and the entropy
at 298.15 K are from Hosmer (16).
TABLE 52. - Thermodynamic properties of Zn0®2ZnS04(c}
[Formation: 3Zn{c,%,g) + S,(g) + 4.5 0z{(q) = In0*2Zn50,{c)]
cal/mol *K kcal/mol

T, K Cp° 5° —(G°- Hige)/T| H°- Hyee AHF® AGF® Log Kf
298,15 56,686 68,190 68.190 0 -581,020 -510.451 374.166
300 56.939 68. 541 68.191 .105 -581.021 -510.011 371.538
400 66,299 86,369 70.559 6. 324 -580, 648 -486.378 265.741
500 71.359 101.753 75.297 13.228 -579.781 -462.903 202.332
600 74,727 115.077 80.842 20.541 -578.711 -439.625 160.131
692.73 77.108 125.99 86.169 27.586 =577.643 -418.216 131.941
692.73 77.108 125,991 86.169 27.586 -582.893 -418.214 131.941
700 77.295 126.797 86.587 28.147 -582.818 -416.48B6 130.031
800 79.438 137.261 92.279 35,986 ~581,690 -392.802 107.307
500 81.333 146.729 97.811 44,026 -580.443 -369.266 89.669
1000 83.074 155.389 103.141 52.248 -579.080 -345.874 75.590
1100 84.714 163. 385 108. 260 60.638 -577.610 ~322.622 64.098
1180 85.972 169.376 112.202 67.465 -576,354 -304.112 56,324
1180 85.972 169.376 112.202 67,465 -659,049 -304,112 56.324
1200 B6.286 170,824 113.167 69.188 -658.574 -298.104 54,292
Phase changes: 692,73 K, melting point of Zn; 8H® = 1,750 kcal/mol.

Sources:

The enthalpy at 298.15 K is from Ko (25).

at 298.15 K are from Hosmer (16).

1015 K, &-B transition point for ZnS0,{c); AH® = 4.87 kecal/mol.
1180 K, boiling point of Zn; AH® = 27.565 kcal/mol.

High-temperature enthalpies and the entropy
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TABLE 53, - Thermodynamic data for the reaction
1/3Cr, {50, )y (&) = 1/3Cr, 0y (¢) + S04(g)

TABLE 56. ~ Thermodynamic data for the reaction
Co50,(c) = CoO{c) + SD4(g)

AH°, AG®,
T K kcal kcal Log X
298.15 49,872 35.801 -26.242
300 49,870 35.713 -26.016
305 49.8648 35.477 -25.421
400 49,636 31.025 -16,951
500 49,256 26.412 =11.545
600 48.754 21.89N -7.974
700 48.145 17.461 -5.452
800 47.459 13.122 -3.585
900 46.737 8.877 -2.156

Phase change:

305 K, second-order transition
point of Cr,0s; AH® = 0 kcal/mol.

TABLE 54. - Thermodynamic data for the reaction

FeSh,(c) = Fel{c) + S0;(g)

AH® AG°
Tr K kcai kca; Log K
298.15 63.220 49.220 -36.079
300 63,219 49,133 -35.793
400 63.130 44,448 -24,285
500 62.892 39.802 -17.397
600 62.552 35.215 -12.827
700 62.144 30.689 -9.581
800 61.695 26.226 -7.165
900 61,226 21.820 -5.299
1000 60.748 17.468 -3.818
1100 60,262 13.162 -2.615
1200 59,769 8.502 -1.621
1300 59.270 4.686 - .788
1400 58.762 504 - .079
1500 58.245 -3.641 .530
1600 _J_ 57.718 -7.748 1.058

TABLE 55. - Thermodynamic data for the reaction

1/3Fe,(S0,)3(c) = 1/3Fey05(c) + SO04{qg)

AW, AG®,
T, K kcal kcal Log K
298.15 45.439 31.786 -23.300
300 45,437 31.702 -23.094
400 45,268 27.146 -14,832
500 45.042 22.641 -9.896
600 44,760 18,186 -6.624
700 44,419 13.784 -4,303
800 44,022 9.433 -2.577
800 43,854 9.433 -2.577
300 43,495 5.154 -1.252

AH® AG°
Ts K kcai kcai tog X
298.15 60,850 47.152 =34.563
300 60,850 47.066 -34.287
480 60.732 42.483 -23.211
500 60,466 37.950 -16.588
600 60,148 33.476 -12.193
700 59.787 29.058 -9.072
800 59.377 24.695 -6.746
900 58.918 2(0.387 -4.951
964 58.598 17.659 -4.003
964 58.083 17.659 -4.0053
1000 57.894 16.152 =3.530
1100 57.336 12.00% -2.38%
1200 56.732 7.910 =1.441
1300 56.086 3.868 - 4650
1400 55.399 - 125 .020

Phase change:

964 K, a-B transition of CoS0,{c);

AH® = 0.515 kecal/mol.

TABLE 57. - Thermodynamic data for the reaction
N180,(c) = Nil(c) + SO043{qg)

NiO; AH®

= 0 kecal/mol.

AH®, AG®,

T X keal keal Log K
a 56.234 56.234 ®©
100 56.752 52.203 -114.087
200 56.856 47.594 -52.008
298.15 56.830 43.051 =31.557
300 56.832 42.966 -31.301
400 56,712 38,362 -20.960
500 56,628 33.775 -14,763
525 56.661 32,636 -13.586
525 56.661 32.836 -13.586
565 56,597 30.804 -11.915
565 56,597 30.804 -11.915
600 56,498 29.21 -10.640
700 56.155 24.686 -7.707
800 55.757 20,236 -5.9528
900 55.278 15.809 -3.839
1000 54,768 11.457 -2.504
1100 54,237 7.162 -1.423
1200 53,680 2.888 - .526
Phase changes: 525 K, @-B transition point of

NiQ; AH® = O kecal/mol.
565 K, B-8 transition point of



TABLE 58, - Thermodynamic data for the reaction
2CuS0, (e) = Cub*CuSO,(c) + SO04(g)

AH°, Ace,

T, K kcal keal tog K
0 54.279 54,279 «
100 54.908 50.027 -109,333
200 55.023 45.071 -49,251
298,15 54.920 40.204 -29.470
300 54.916 40.112 -29.221
400 54.649 35.215 -19.240
500 54,276 30,397 -13.287
600 53.828 25,663 -9.348
700 53,308 21.009 -6.559
800 52.698 16.437 -4,490
500 51,983 11.944 -2.900
1000 51.174 7.540 ~-1.648
1100 50.301 3.215 - 639

TABLE 59.- Thermodynamic data for the reaction
Cub*CuSQy(c) = 2Cul{c) + SOs{qg)

AH®, AG®
T, K kcal kcai Log K
] 49,839 49,839 b
100 50.166 46,006 -100, 545
200 50.143 41,856 ~-45,738
298,15 50,120 37.787 -27.698
300 50.118 37.71 -27.472
400 49.965 33.595 -18.355
500 49,726 29,529 -12.907
600 49.426 25,516 -9,2%4
700 49.09q 21.557 -6.730
8§00 48,752 17.646 4,821
00 48.381 13.781 -3.347
1000 47,960 9.958 -2.176
1100 47.461 6.179 -1.228
1200 46.855 2.455 - 447
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TABLE 60. - Thermodynamic data for the reaction
3ZnS04(c) = Zn0°2ZnS0,(c) + SO4(g)

AH® AG®
T, K kcai kcai Log K
298.15 57.890 42.910 31,453
300 57.885 42.816 =-31.191
400 57.787 37.812 -20.65%
500 57.6474 32.830 -14.350
600 57.325 27.887 -10.158
760 56.642 23,032 =-7.191
800 55.558 16.300 -4.999
900 54,037 13.727 -3.333
1000 52.059 9.350 -2.043
1015 51.177 8.168 -1.759
1015 36.567 8.168 -1.759
1100 36.418 5.797 -1.152
1200 36.411 3.014 - 549

Phase change:

1015 K, a-B transition point for
ZnS0,(c); AH°= 4.87 kcal/mol.

TABLE 61. - Thermodynamic data for the reaction
0.5In0°*2ZnS04(c) = 1.5Zn0{c) + S04(q)

AR, AG®,

T, X kcal kcal Log K
298.15 54,932 42.143 -30.891
300 54.928 42.063 -30.643
400 54,666 37.811 -20.659
500 54,300 33,638 -14,703
600 53.905 29.548 -10.763
700 53.495 25.514 -7.966
800 53.072 21.544 -5.885
900 52.633 17.8627 -4.280

1000 52.173 13.762 -3.008

1100 51.688 9.951 -1.977

1200 51.17% 6.175 -1.125
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