Thermodynamic Properties of the Aqueous Sulfuric Acid System to 350 K
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Experimental measurements for aqueous sulfuric acid and its related pure, solid
phases have been thermodynamically analyzed and correlated as a function of tem-
perature and composition from pure water to pure acid. The pure phases included
anhydrous sulfuric acid, five of its hydrates and ice. Experimental data which were
used in the correlation included measurements of the enthalpy of dilution, both
solution and pure phase heat capacities, electromotive force and solution treezing
points. The correlation yielded mutually consistent expressions for the Gibbs energy
of each phase and these functions generally reproduce the experimental data to
=0.75 percent. The Gibbs energy functions of the pure solid phases were uscd to
generate tables of their thermodynamic properties from 0 K to the melting points.
The Gibbs energy function for aqueous sulfuric acid was used to produce tables of
both integral and partial molar solution properties as a function of sulfuric acid mole
fraction every 50° from 200 to 350 K.
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Symbols and Units

parameters used to describe the temperature

dependence of the Gibbs energy

solution components; C; = H;SO4, C; = H,0

molar isobaric heat capacity, J/mol-K

relative molar isobaric heat capacity of aqueous
sulfuric acid, J/mol'K; equal to the molar isobaric

heat capacity
clectromotive force

reference energy for the pure solid phases, J/mol;
equal to the enthalpy of the solid at its melting
temperature

Faraday constant, 96484.56 A-s-mol~!

molar Gibbs energy, J/mol

reference molar Gibbs energy for aqueous sulfu-
ric acid, J/mol; G° = H°(To,P;x) — TS°(To,P;x)
relative molar Gibbs energy of aqueous sulfuric
acid, J/mol; G® = G — G°(T,P;x)

molar enthalpy, J/mol
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H; enthalpy of fusion, J/mol

H; molar enthalpies of the pure species, J/mol

H° reference molar enthalpy for aqueous sulfuric
acid; H° = 3, x; H;" (To,P)

H®  relative molar enthalpy of aqueous sulfuric acid,
J/mol; H® = H(T,P;x) — H°(To,P;x)

H$2™® enthalpy of mixing solutions 1 and 2 to form one
mole of solution 3, J/mol

m molality, mol/kg; also polynomial degree

n number of equivalents for a cell reaction

P temperature exponent in Gibbs energy represen-
tation

P pressure, 0.1 MPa; also pure compound

R gas constant, 8.31441 J/mol'K

Si species participating in a cell reaction

5" molar entropies of the pure species, J/mol'K

S° reference molar entropy for aqueous sulfuric
acid; §° = 3 x; S (To,P)

T temperature, K

T; fusion temperature, K

Ty 298.15K

X mole fractions; x1 = x(H.SO.), x> = x(H.0)

X molar proportions of solutions being mixed,
X'+Xx*=1

Y activity coefficient of aqueous sulfuric acid

€ki temperature dependent parameters for the rela-
tive Gibbs energy of aqueous sulfuric acid

Wi chemical potentials of solution components,
J/mol; p1 = p(HzSO4), p2 = w(H:0)

ITH relative chemical potentials, J/mol; uf = i — wf

e reference chemical potentials, J/mol;
w = Hi" (To,P) ~ TS (To,P)

Wejki temperature dependent parameters for the rela-
tive Gibbs energy of aqueous sulfuric acid;
Biki = Pk

we pure species chemical potential, J/mol,

®(i) functions used in the representation of the rela-
tive Gibbs energy of aqueous sulfuric acid,
(1) = 1, D(2) = xmxz

¢ osmotic coefficient of aqueous sulfuric acid

1. Introduction

Aqueous sulfuric acid is an economically important
chemical when judged by most standards of evaluation. It
is by far the largest volume chemical commodity in the
world. Its major uses include fertilizer production,
petroleum refining, extraction of metals from their ores,
production of inorganic pigments, pickling of iron and
steel, synthesis of surface active agents, and as a reactant
in the lead-acid storage battery (Donovan and
Salamone).! Sulfuric acid has also been identified as an
environmentally significant chemical. Its presence in acid
rain contributes to ecological damage of lakes, corrosion
of steel, attack on marble and mortar, brittleness of pa-
per, injury to vegetation, and respiratory infections in
humans (Sticksel and Engdahl).? Sulfuric acid is also
thermodynamically challenging. It is a highly nonideal
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binary System which displays complex phy§ical and
chemical behavior. At lower temperatures its phase
diagram is characterized by the appearance of several
pure solid phases including ice, anhydrous sulfuric acid,
and several of its hydrates. Some of the solids melt con-
gruently while others melt incongruently. The liquid
phase exhibits a strong tendency to supercool.

Because of the obvious importance of aqueous sulfuric
acid it would be reasonable to presume that its thermody-
namic properties have been measured extensively and
accurately, and that these measurements have been criti-
cally evaluated and correlated. This is true to some
degree, but the effort expended on sulfuric acid has not
been commensurate with its importance. While a moder-
atc body of experimental knowledge has been accumu-
lated, little of it is of recent vintage and much of it is
restricted in scope. Measurements are generally confined
to relatively dilute solutions near room temperature;
scant attention has been given to concentrated solutions
at elevated temperatures. The situation is similar with
regard to the evaluation and correlation of these mea-
surements. This has been done only at room temperature,
almost exclusively for the relatively dilute acid, and has
used only a small portion of the available data.

It is desirable to know the properties of aqueous
sulfuric acid for both the dilute and the concentrated acid
at temperatures that differ from room temperature. For
example, much of sulfuric acid is produced, sold and
transported as a concentrated acid. Furthermore, during
its production and use the acid is often at temperatures
quite removed from room temperature. The purpose of
this paper is to correlate the thermodynamic measure-
ments of aqueous sulfuric acid over an extended temper-
ature range and for concentrations from pure water to
pure sulfuric acid. This should permit cautious extrapola-
tion of thermodynamic properties to regions where no
experimental data exist. The analysis will cover not only
the thermodynamic properties of aqueous sulfuric acid
but also the thermodynamic properties of the relevant
pure solid phases which form when the acid is cooled.

2. Experimental Measurements

Experimental thermodynamic measurements on
aqucous sulfuric acid have a long history with some refer-
ences dating back to before the turn of the century. How-
ever, very few such measurements have been carried out
in this decade or the preceding one. Much of the very
early work is of questionable accuracy and, where possi-
ble, the analysis will rely on the more recent measure-
ments. A bibliography of sources for the thermodynamic
and transport properties of aqueous sulfuric acid has
been compiled by Staples and Wobbeking?

Data which are suitable for the thermodynamic analy-
sis of a solution can be broadly categorized as being ei-
ther single phase measurements or multiphase
measurements. Examples of the former are solution heat
Capacity and the heat effects associated with various mix-
Ing processes such as enthalpy of dilution, and enthalpy
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of solution. Typical experiments which involve more than
one phase include the measurement of vapor pressure,
vapor-liquid equilibria, freezing point and electromotive
force (emf). Speaking pragmatically, single phase mea-
surements are preferable over multiphase measurements
for the extraction of thermodynamic information about a
given phase. One need not then consider the effects of
the extraneous phases nor need one be concerned about
the establishment of equilibrium among the phases.
Thus, ideally, one would rely exclusively on single phase
measurements. But seldom do single phase measure-
ments adequately cover the desired range of independent
variables nor do they yield information about all of the
thermodynamic properties of a phase. Consequently, i
becomes necessary to use some multiphase measure.
ments to supplement single phase data. Fortunately, mul-
tiphase thermodynamic measurements oftentimes can be
cast into a form which eliminates the peripheral phases
and their influence on the properties of the central phase.
Such reformulated measurements may be regarded as
pseudosingle phase properties since their values are only
a function of one phase. Reliance on pseudosingle anc
single phase measurements insures a correlation of a
phase’s properties which is not biased by avoidable as-
sumptions about the extraneous phases. One can then re-
serve the use of true multiphase data for establishing
thermodynamically consistent connections among phases.

In this treatment of aqueous sulfuric acid I shall rely
heavily, but not exclusively, on pseudosingle and true sin-
gle phase data. I shall make no use of measurements
based on vapor-liquid equilibrium. Thus, measurements
of vapor pressure and isopiestic ratio will not be used tc
generate thermodynamic information about the sulfuric
acid system. To use vapor pressure measurements woulc
require assumptions about the composition and thermo-
dynamic behavior of the vapor phase. To use isopiestic

. measurements would require assumptions about the

properties of the various reference solutions. Both o
these measurements also require the implicit assumptior
that equilibrium has been established between phases; ¢
nontrivial assumption given the very low vapor pressure:
of aqueous sulfuric acid. The sole exception to the use o;
single phase data is some freezing point data which wil
be used to connect the solution properties to the proper-
ties of the pure phases which fieeze out of solution, par
ticularly ice and solid sulfuric acid. The properties of ice
and solid sulfuric acid are reasonably well-measured anc
noncontroversial. By contrast, questions have been raisec
about the consistency between emf and vapor-liquid equi
libria.

The decision to use multiphase measurements a
pseudosingle phase data has the obvious advantage tha
the results will reflect solely the contribution of the cen
tral phase to the experimental values. That is, the result:
are not influenced by assumed values for the propertie:
of other phases nor are they affected by any assumed lim
iting behavior of the measurements themselves. Both o
these factors could easily introduce inconsistencies intc
the analysis which are not inherently present in the data



ut properties processed in this manner are essentially
fference properties. Consequently, their values can be
ppected to show greater local scatter, reflecting the in-
insic scatter in the measurements themselves. This local
atter will not affect the global behavior of the thermo-
mamic properties, because it will cancel. There is a
inor disadvantage associated with difference values. It
:comes more difficult to judge the accuracy with which
e data are represented. Values are now, at best, two-
sint functions. That is, they depend on the coordinates
"the two points which are used to form the difference.
s difference values derived from a series of experi-
ental points will not vary in a continuous way. There
ay be large, seemingly random, changes in adjacent val-
s reflecting the separation between the two points
volved. Where the points are closely spaced the differ-
ces can be small even though the property may be
anging rapidly and conversely. For two-point functions
¢ cannot visualize the quality of the representation in
simple manner by plotting a dependent variable versus
independent variable.
In the following paragraphs I shall briefly review the
tasets which were selected for analysis and describe
w these data were used. The experimental data were
ocessed using the 1973 CODATA recommendations
* the fundamental constants(Cohen and Taylor*). The
s constant was R = 8.31441 J-mol~"K~* while the value
* the Faraday constant was F = 96484.56 A-s'mol™".
slecular weights were calculated using the 1984 atomic
ights given by De Bievre, Gallet, Holden, and Barnes.’
| data are at a nominal pressure of 0.1 MPa. Where the
sessary information was available, temperatures were
werted to the International Practical Temperature
ile of 1968 (IPTS-68), energy values to absolute joules,
1 voltages to absolute volts. Compositions were ex-
:ssed as mole fractions. Altogether 1325 data points,
i the temperature range — 50 to 60 °C, were processed
generate a representation for the thermodynamic
iperties of aqueous sulfuric acid. Of these, 819 were
m galvanic cells, 166 represented enthalpies of mixing,
i were solution heat capacities, and 147 values came
m the freezing points of aqueous sulfuric acid solu-
15. An additional 544 heat capacities were processed
renerate the thermodynamic properties of the various
d phases. These were distributed as follows: 287 for
49 for sulfuric acid, 55 for the monohydrate, 41 for
dihydrate, 35 for the trihydrate, 44 for the tetrahy-
te and 33 for the hemihexahydrate.

2.1 Enthalpy of Mixing

ixperimental values for the heat effects accompanying
dilution of aqueous sulfuric acid with water are avail-
: in four papers, three of which describe measure-
its made only at 25°C. Chronologically thc first of
je measurements was made by Lange, Monheim, and
vinson® on very dilute solutions. They gave values at
C for initial molalities from m = 0.003 to 0.05 which
e diluted to produce an extremely dilute acid.
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Groenier’s measurements,’ also at 25 °C, dealt with
slightly more concentrated solutions whose initial con-
centrations varied from m = 0.003 to 3.7. However, since
Groenier was interested in the partial molar enthalpy, his
dilutions were not as large as those used by Lange et al.
and amounted to about a 10 percent reduction in molality.

Somewhat more recent measurements are those of
Kunzler and Giauque® who made measurements both at
25 and at —20 °C. At each temperature they covered the
complete composition range available to the solution. At
25 °C this ran from pure water to pure acid and beyond.
At —20°C the composition range was more restricted
because of solution freezing. Because partial molar prop-
erties of concentrated solutions motivated the work, each
dilution of a concentrated solution produced a small
change in the mole fraction of sulfuric acid. Typically the
change was less than 5 percent for the more concentrated
solutions. The percentage change for dilute solutions was
considerably larger. The experimental results were exten-
sively revised by Giauque, Hornung, Kunzler and Rubin’
in their recalculation of the original data. The recalcula-
tions were necessary largely to correct errors in solution
compositions which were discovered subsequent to the
publication of the original measurements.

The most recently published measurements are those
of Wu and Young'® whose experiments were almost con-
temporaneous with those of Kunzler and Giauque.® Their
data overlap those of Groenier in composition. The initial
molalities range from m = 0.001 to 2.5 and, like
Groenier, their measurements were at 25 °C and the dilu-
tions produced about a 10 percent change in molality.
The measurements of Wu, those of Groenier and those of
Kunzler and Giauque at 25 °C appear to be consistent
over the region of composition overlap. Indeed, data
were exchanged and compared among the experimenters.

All experimental data were converted to molar
enthalpies of mixing defined as the enthalpy change ac-
companying the isothermal, isobaric mixing of two solu-
tions (solution 1 and solution 2) to form 1 mole of the
resulting solution (solution 3).

HEPD =HEO) - [X'HEO)+XHED)] (1)

Here X" represents the molar contribution of the i* solu-
tion to the resulting solution and X' + X? = 1. The
enthalpy of mixing was scaled by RT so that H&Z¥RT
was the dimensionless quantity used in the thermody-
namic analysis. An advantage to using enthalpy of mixing
over enthalpy of dilution is that its magnitude more
nearly reflects the actual size of the heat effect measured
calorimetrically. This gives greater emphasis to the larger
heat effects which can be measured more accurately. Val-
ues of Hi# YRT ranged over five orders of magnitude
for the four sets of data.

2.2 Heat Capacity
Experimental heat capacities relevant to aqueous

sulfuric acid have been given in a number of papers.
Osborne, Stimson and Ginnings' gave heat capacities of
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liquid water from just above its freezing point to almost
the boiling point. Randall and Taylor measured the heat
capacity of dilute solutions at 25°C from a molality of
m= 0.04 to 2.4. Kunzler and Giauque® reported heat ca-
pacities at 25 and —20 °C for solutions containing more
than 10 percent sulfuric acid by weight (m > 1.1).
Larson, Zeeb and Hepler® supplied heat capacity data at
25°C for molalities less than m = 0.6.

The remaining heat capacity measurements are associated
with various solid phases formed when aqueous sulfuric acid
is cooled. The measurements for some of the solids were ex-
tended beyond their melting points and thus supplied heat
capacity values for the liquid phase as a function of temper-
ature at a fixed composition.
- Four sets of experimental values for the heat capacity

of ice are available. Giauque and Stout' made measure-
ments from 15 K to almost the melting point. They also
cite six data points from Simon between 9 and 13 K. More
recently, Flubacher, Leadbetter and Morrison'’ made low
temperature measurements between 2 and 27 K. The lat-
est set of heat capacity data is from Haida, Matsuo, Suga
and Seki'® who made measurements from 13 K to nearly
the melting point.

Heat capacity measurements on solid sulfuric acid and
its hydrates were made by Giauque and coworkers over
the temperature range 15 to 300 K. The higher tempera-
tures were above the melting points of the solids. Rubin
and Giauque'” studied the monohydrate and dihydrate of
sulfuric acid and sulturic acid itself. The trihydrate and
the tetrahydrate were measured by Hornung and
Giauque.'® Hornung, Brackett and Giauque" examined
the hemihexahydrate and additionally measured liquid
phase heat capacities at compositions corresponding to
that of a hexahydrate and an octahydrate from 210 to
300K.

Experimental heat capacities at constant pressure were
converted to the molar heat capacity at constant pressure -

and scaled by R.

2.3 Electromotive Force

Electromotive force measurements on four electro-

chemical cells are relevant to the thermodynamic charac-
terization of aqueous sulfuric acid. The cells and cell
reactions are as shown below. In each case the cell and
the cell reaction are written so that the negative electrode
(lower potential) is on the left when the cell reaction pro-

ceeds from left to right.

Hz(g) ' H2$O4(aq) I PbOz(S), PbSO4(S)
Ha(g) +H;S04(aq) + PbOy(s) = 2H;0(aq) + PbSO4(s) (cell 1)

Ha(g) I HzSO4(aq) I Hg(l), ngSO4(s)
Hy(g) + Hg:SO4(s) = 2Hg(l) + H,SO4(aq) (ccll 2)

Hg(1), Hg:SO4(s) | HaSOu(aq) | PbOx(s), PbSOu(s)
2Hg() + 2H,SO4s(aq) + PbO,(s)
=Hg:504(s) + PbSO4(s) +2H,0(aq) (cell 3)
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Pb-Hg (amalgam), PbSO4(s) | H:SO4(aq) | Ha(g)
Pb (amalgam) + H:SO4(aq) = PbSO4(s) + Ha(g) (cell 4

Three sets of measurements of the electromotive force
of cell 1 are available in the literature. The most extensive
set is that of Hamer® which provides values at 23 concen
trations from a molality m = 0.0005 to 7.0 and at 5° tem
perature intervals from 0 to 60 °C. Subsequently, Beck
Singh and Wynne-Jones” made measurements at 10 con
centrations from m = 0.1 to 7.2 for each of 7 tempera
tures from 5 to 55°C. Covington, Dobson an
Wynne-Jones? measured the cell at 25 °C for five concen
trations which ranged from m = 0.0007 to 0.1. The au
thors of this paper make a statement which implies tha
the results of Beck, Singh and Wynne-Jones are given ii
international volts whereas, from the date of the pape:
one might expect the values to be in absolute volts. Sinc
Beck et al. make no explicit statement about the units
the measurements were treated as international volts an
converted to absolute volts for use in the correlation.

Six papers give data for cell 2. Randall and Cushman’
made measurements at 25 °C for five molalities fror
m = 0.005 to 8.2. Trimble and Ebert* also produced val
ues at 25 °C for six concentrations fromm = 0.005 to 1.(
MacDougall and Blumer® listed seven data points, all &
25°C, fromm = 0.05 to 2.4. The most complete coverag
was produced by Harned and Hamer® who studied th
cell at 5° intervals from 0 to 60 °C and molalities fror
m = 0.05 to 17.5. Of somewhat more recent vintage ar
the data of Beck, Dobson and Wynne-Jones? at 10° inte:
vals from 5 to 55 °C and for molalities fromm = 0.1t
8.0. Finally, 13 values are available from Covingtor
Dobson and Wynne-Jones®? at 25 °C and at concentr:
tions from m = 0.007 to 0.06.

The only data for cell 3 are from the measurements
Vosburgh and Craig® at 5° intervals between 20 an
40 °C and for various concentrations fromm = 0.1 to 3..

Similarly, for cell 4 we have only the values given t
Shrawder and Cowperthwaite” who carried out exper
ments at four temperatures between 0 and 50 °C froi
m = 0.001 to 0.02.

Wynne-Jones and coworkers have asserted th
Hamer’s data for cell 1 and the Harned and Hamer da

for cell 2 are in error. However, their conclusion is base
on a calenlation of etandard emf and standard en

reaction for the cells at 25 °C and noting their appare
nonconstancy. These calculations used an extrapolatic
to infinite dilution and assumed values for solution pro;
erties derived from vapor-liquid equilibrium measur
ments; both are themselves open to question.

The thermodynamic analysis of electrochemical cells
based on the assumption that the emf arises from tl
conversion of Gibbs energy to electrical energy by mea:
of the cell reaction. Consider the general cell reactic
writtcn for # cquivalents of charge.

pFAY :EgpiSi (

Here S: represents the i species in the cell reaction whi
r; and p; are non-negative numbers such that #; is positi

thalov ¢
thapy ¢
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for reactants and p; is positive only for products.
itionally, either p; or r; must be zero. Then the Nernst
tion expresses the emf of the cell in terms of the
aical potentials of the species.

—nFE =3; (pi~r) pi 3)

expression clearly involves the chemical potentials of
secies which appear in the cell reaction and thus con-
; contributions from all phases which go to form the
However, the typical experiment is a series of mea-
ments at a fixed temperature in which the only vari-
is the composition of the electrolyte. Thus if one
racts the Nernst equation for two different measure-
ts, the second one designated by a prime, then the
surviving terms are those containing the chemical
ntials of the electrolyte.

—nF(E ~-FE ')/RT =2i(Pi —r,-)(p;,- -~ p,,')/RT (4)

: form of the equation shows that solution properties
:nd only on the voltage difference and not on the ac-
value of the voltage. Thus the cell voltage could be in
r by an arbitrary function of temperature and still
1 good solution properties. This obviates the need to
apolate cell measurements to infinite dilution; a
’lematical procedure at best. There still remains the
of choosing the composition to be used as the refer-
» point, marked by the prime, in Eq. (4). Obviously
could choose some fixed composition. This, however,
1desirable because it over-emphasizes the importance
1e chosen reference point and its associated errors. A
srior choice is to imagine the set of experimental
its to be laid out on the circumference of a circle and
hoose as the reference point for each measurement
point which follows it on the circle or, equivalently,
point which precedes it. This allows each point, in
I, to act as a reference. Consequently each measure-
it appears twice in the resulting dataset; once as a
1 point and once as a reference point. Thus the bal-
> among the points is maintained and no point will
uly influence the correlation. This was the method
pted in analyzing emf data.

2.4 Freezing Point

here are two important papers on isobaric freezing
its of aqueous sulfuric acid. The first is a paper by
le, Betz and Maron® who determined the phase dia-
n from pure water to pure acid and beyond. They de-
nired eutectic and peritectic points in addition to the
ting points of the congruently melting compounds
ned on freezing. Because of supercooling they also
e able to. measure metastable eutectic points. Freez-
point curves of concentrated sulfuric acid solutions
e also determined by Kunzler and Giauque.* Their
isurements covered the composition range from near
H;S0,2H,0 — H,SO+H,O eutectic to just beyond
pure acid. The two sets of measurements are largely
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consistent although for sulfuric acid mole fractions
greater than 0.6 there is some disagreement. The Kunzler
and Giauque freezing points tend to be somewhat lower
than those of Gable etal. in this composition range.
Kunzler and Giauque suggest that this may be a result of
the inability of Gable et al. to attain true equilibrium be-
cause of the highly viscous nature of the concentrated so-
lution. The phase diagram for aqueous sulfuric acid is
shown in Fig. 1 where the plotting symbols designate the
experimental data points. Horizontal lines are drawn
through the various eutectic, and peritectic points deter-
mined by Gable et al. while vertical lines locate the com-
positions of the various pure, solid phases in the system.
The curves show freezing points which were calculated
from the thermodynamic properties deduced in this pa-
per. The trihydrate and the hemihexahydrate melt incon-
gruently while all other solids shown in the phase diagram
melt congruently. There is some evidence that an octahy-
drate exists but it has not been possible to prepare it
(Hornung, Brackett, and Giauque, 1956).

Thermodynamic analysis of freezing points is based on
the assumption that an equilibrium exists between the
solution and the solid phase. Suppose the solid phase is
a pure compound P and the solution is composed of the
components (independent species) C;. Then the reaction
and the associated equilibrium condition can be written
as

EiriCi:P
2w = Wy ®)
where pp is the chemical potential of the pure solid
phase. This form of the equilibrium condition possesses

° GABLE, BETZ AND MARON 30
A KUNZLER AND GIAUGUE
CALCULATED FREEZING CURVES
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Fig. 1. Phase diagram for the sulfuric acid watcr binary systcm.
Curves are calculated from the correlations of this paper: O
= Gable, Betz and Maron,® A = Kunzler and Giauque.?
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the distinct disadvantage that it requires a knowledge of
the thermodynamic properties of the solid phase as well
as the freezing point curve. Nonetheless, it was applied to
the freezing out of ice and H,SO4(s) treating wp as known,
The known values of pp serve to connect solution proper-
ties to the pure species properties.

Suppose, on the other hand, that P is a congruently
melting solid within the composition range being studied,
as is true for the monohydrate and tetrahydrate of sulfu-
ric acid. Then its freezing temperature will be a local
maximum in the isobaric freezing point curve of the solu-
tion (Fig. 1). Hence it is possible to find, for some range
of temperatures below the congruent melting point, two
different solution compositions which are in equilibrium
with the solid at a given temperature. These solutions are

on opposite sides of the solid phase composition. Sub- .

tracting the equilibrium conditions at the two points elim-
inates the chemical potential, pp, of the solid phase.

(i —p)=0 - (6)

The advantage of this form is that it only depends on the
measured freezing curve and not on the thermodynamic
properties of the solid phase. This form of the equi-
librium condition was applied to the freezing out of both
the monohydrate and the tetrahydrate. Fortunately, the
experimental data which are available are so closely
spaced that for each experimental point one can find its
image point by linear interpolation of the data. Since
each experimental point is paired with its interpolated
image point, neither the image point nor the interpola-
tion process should compromise the accuracy of the cor-
relation.

2.5 Enthalpies of Fusion

The enthalpy of fusion for ice was measured by
Dickinson and Osborne® and by Haida et al .*® Giauque
etal. "™ measured enthalpies of fusion and melting
points for sulfuric acid and its hydrates. These are esti-
mated values for the trihydrate and the hemihexahydrate
which undergo a peritectic reaction rather than melting.
The ice and sulfuric acid enthalpies of fusion were used
to analyze the ice and sulfuric acid equilibria with
aqueous sulfuric acid. The hydrate cathalpics of fusion,
together with hydrate properties and preliminary esti-
mates of aqueous sulfuric acid properties, were only used
to generate estimates for solution enthalpy and Gibbs en-
ergy at the melting points. The resulting values were used
in correlating the solution properties to promote consis-
tency between the crystalline hydrates and aqueous
sulfuric acid. o

2.6 Excluded Measurements

As the data were being correlated it became clear that
some of the measurements were inconsistent with the
bulk of the data. Accordingly these measurements were
Processed but were given zero weight in the analysis. The

mixing data of Kunzler and Giauque® at —20 °C apps
to be inconsistent with the other data although the reas
for the inconsistency is not obvious. The experimental ¢
thalpies of mixing are from 20 to 50 percent lower th
the predicted values. By contrast, their heat capacity d:
at —20 °C seem quite accurate. This may simply refli
the difficulty of performing dilutions with water at te
peratures below the freezing point of water. Con
quently, the dilution measurements at —20 °C were giv
zero weight. Also given zero weight were the soluti
heat capacities of Randall and Taylor'? whose heat cap:
ities clearly have an incorrect composition dependen
Similarly, the low temperature heat capacities of ice me
sured by Simon™ were rejected because the temperatt
dependence of the data seems to be somewhat in err

The freezing point data of Gable, Betz and Maro
were used for the equilibria of solution with both ice a
tetrahydrate. However, at the higher concentrations th
measurements differ from those of Kunzler a
Giauque® whose temperatures are perceptibly low
The Kunzler and Giauque data were used for both ant
drous acid and monohydrate equilibria with solution.

3. Previous Property Correlations

The correlation of thermodynamic properties
sulfuric acid has been going on for almost as long as t
experimental data have existed. However, the earlier c(
relations are now only of historical interest. For examp
Porter,” using estimation and the meager data then ava
able, generated properties to 240 °C for dilute and cc
centrated acid, Somewhat more recently, Craig a
Vinal* calculated the partial molar enthalpy and part
molar heat capacity, at nominally room temperature,
their examination of the lead-acid storage battery. The
enthalpy table extends to a molality m = 110 while th
heat capacity table goes to nearly m = 400.

In relatively more modern times the supply of expe
mental data has grown considerably, but much of it h
gone unused. Partly this was because the newer corre.
tions were, for the most part, limited to a few properti
rather than the tull spectrum of thermodynamic prope
ties for which data existed. In part this was also due to t
temperature and composition limitations of these con
lations. The limitations in propertics and independe
variables meant that the correlations did not have to de
with the full set of consistency requirements imposed
the thermodynamic formalism. Consequently, worki
from essentially the same pool of experimental data, t
evaluators came to very different conclusions regardi
the accuracy and relevance of various measurements.

Using largely their own data, Giauque et al.” produc:
tables for aqueous sulfuric acid at 25 °C for the full coi
position range. To generate the properties they used e
thalpy of dilution, heat capacity, and vapor pressure da
together with some freezing points for concentrated sol
tions. They did not, however, make any use of data for t.
freezing points of dilute solutions or data from galvar
cells. Their tables give partial molar properties for Gib
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gy, enthalpy, and heat capacity. They also produced
s for the thermodynamic properties of solid sulfuric
and its hydrates using their own heat capacity
surements.
ard, Habenschuss and Spedding® used 174 points to
ice the partial molar Gibbs energies for aqueous sul-
: acid to a molality of 27.7 at 25 °C. Of the 174 mea-
ments, 142 were isopiestic ratios, 29 were vapor
sures and only 3 were emf data. They pointed to the
arent discrepancies between vapor-liquid equilibrium
. and cell data to justify their exclusion of the latter.
s they relied virtually exclusively on vapor-liquid
libria as their source of data. Their reduction of this
| required the use of information that was peripheral
queous sulfuric acid. They used osmotic coefficients
the various isopiestic reference solutions as well as a
md virial coefficient for water vapor and the vapor
isure of pure water. To gencratc the paramcters of
r correlation they only fit osmotic coefficients, by
t squares, and calculated the sulfuric acid activity
ficients by a Gibbs-Duhem quadrature.
y way of contrast, Pitzer, Roy and Silvester®
cluded that osmotic data were less precise than cell
. In their treatment of the very dilute acid they relied
tly on cell data supplemented with enthalpy of dilu-
measurements and some smoothed values for the
otic coefficient from Robinson and Stokes*” and Rard
'.* Parameters for their correlation were obtained by
t squares and are applicable to temperatures near
C, and to molalities no greater than six.
inally, there is the evaluation of the partial molar
bs energy by Staples® who worked with a consider-
' larger set of measurements than the other evalua-
. In his analysis he considered 657 data points which
sisted of 80 vapor pressures, 291 isopiestic ratios, 155
zing points of dilute acid and 131 emf values. But
1y of the data points (fully 25 percent) were assigned
» weight. For example, a substantial fraction of the
zing points were given zero weight and in no case
e freezing points for m > 0.65 used. The same is true
‘el measurements where sometimes low and some-
¢s high concentration values were considered suspect
thus rejected. The evaluation was at 25 °C and went
1 = 28. Staples used the same kind of peripheral data
sloyed by Rard et al. in their analysis. Additionally, he
v used solution enthalpy and heat capacity for a 25°
‘apolation of osmotic coefficients, calculated at the
'zing point of ice, to 25 °C. He deduced the parame-
. of the correlation by a nonlinear least squares proce-
e applied to osmotic coefficients and the logarithm of
sulfuric acid activity coefficients.

4. The Present Correlation

‘he present multiproperty correlation treats both compo-
m and temperature as independent variables. Conse-
ntly, the analysis automatically imposes stringent
rmodynamic consistency requirements among Gibbs en-
y, enthalpy, heat capacity and their composition
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derivatives. The result of the correlation of aqueous
sulfuric acid properties is a function, GY(T,P;x), which
gives the molar Gibbs energy of the solution relative to
the pure species at 298.15 K and 0.1 MPa.

GNT,P;x)=G(T,P;x)—G°(T,P;x)
G°=H°(To,P;x)—TS°(To,P;x) )
He=SxH (To,P), $°=3x:8" (To,P)
In these expressions Tp = 298.15 K, P = 0.1 MPa and Hy',
S;* are the pure species molar enthalpies and entropies.
All other solution properties are then calculable from G
by differentiation. Thus the chemical potential is ob-
tained by partial differentiation with respect to mole
fractions.

i = pi(T,P3x) ~ pi(T,P) =[1 - Six(8/ax) + (a/ax.-)]G“)} ®)
p(T,P)/RT = H;(To,P)/RT — S (To,P)/R

The relative enthalpy and heat capacity are generated by
partial differentiation with respect to temperature.

[H(T,P;x)—H*(To,P;x)JRT = HO(T ,P;x)/RT
= —3[G"(T,P;x)/[RTYdInT )
Co(T,P;x)=C{(T,P;x)=H(T,P;x)/oT

The partial molar enthalpies and heat capacities can be
obtaincd from thesc by partial differentiation with
respect to mole fractions in a manner identical to that
used to get the chemical potentials in Eq. 8. Alterna-
tively, they can be generated by partial differentiation of
the chemical potentials with respect to temperature.

The correlation of solid phase heat capacities yields a
function of temperature and pressure, G(T,P) — Ej,
that gives the Gibbs energy of a pure species relative to
an arbitrary energy level. The enthalpy and heat capacity
are again obtained from the Gibbs energy by differentia-
tion with respect to temperature.

[H(T,P)—EoJRT = — 3{{G (T, P) — EyRT}/oInT
C,(T,P)=a[H(T,P)—Fo)aT

(10)

For all species Ej is chosen as the enthalpy of the crystal
at its fusion temperature.

4.1 The Present Correlation and Experimental Data

Ideaily, any correiation of measurements shouid

‘emphasize the contributions of the more accurate values

over the contributions of lower quality data. There are
two reasons why this goal might not be achieved. First,
one is seldom in a position to assign unequivocal quality
ratings to measurements. This is especially true with mul-
tiproperty correlations where one must assign figures of
merit not only to reflect the inherent errors in the mea-
surements of each property separately, but also to quan-
tify the thermodynamic inconsistencies among the
different measurements. Second, there is the possibility
that the representation of small, high quality datasets
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might be compromised by large datasets of inferior
quality. The contributions of a small dataset to the corre-
lation might literally be swamped by those from a large
dataset. To guard against these possibilities in the
present correlation, the four categories of measurements
were added to the correlation one at a time and in the
sequence heat capacity, enthalpy, electromotive force
and freezing points. The effects produced on the correla-
tion by the addition of each measurement category were
monitored graphically and with the statistics associated
with the correlation. The results of this process led to the
exclusion of the datasets mentioned in Sec. 2.6. They also
suggested that the final correlation does not contain any
untoward bias in the representation of the other experi-
mental datasets. Perhaps the best indicator of this is the
uniformly good representation of most of the measure-
ments which were used to generate the correlation. In
subsequent paragraphs I shall look at the representation
of the measurements in some detail.

As pointed out earlier, only two types of data were not
used as difference properties: (1) solution heat capacity,
and (2) the chemical potential of water along the ice-
solution freezing curve and the chemical potential of sul-
furic acid along the H,SO.(s)-solution freezing curve.
These properties can be presented graphically and so we
look at them first. The results are displayed both as a plot
of the property and as a plot of the residuals which are
defined as the difference between the observed and pre-
dicted values. On the property plots the experimental val-
ues are shown as points while the curve is the calculated
property. On the residual plots the points represent the
residuals for the experimental data and the curves show
+3/4 percent of the calculated property. A horizontal
line separates the positive and negative residuals and cor-
responds to zero error. Figures 2 to 12 show solution heat
capacity and the associated residuals as a function of ei-
ther composition or temperature. All data are well repre-
sented except for the clearly erroneous data of Randall
and Taylor (1941)" shown in Fig. 2(a). In fact, the points
generally lie within =*3/4 percent of the calculated curve
except for isolated points.

The somewhat unusual behavior of the heat capacity of
aqueous sulfuric acid at 25 °C deserves some comment. It
is known that chemical reactions often make a substantial
contribution to heat capacity, waxing and waning in syn-
chrony with reaction. If the augmentation of heat capac-
ity comes primarily from a single reaction then the
maximum contribution occurs before the reaction is com-
plete and becomes zero when the reaction reaches com-
pletion. Thus the maximum augmentation of heat
capacity will occur before the maximum concentration of
a species being formed in that reaction. The occurrence
of simultaneous reactions will modify this behavior some-
what. Aqueous sulfuric acid is clearly a reacting system
where various ionization processes are the important re-
actions. Its heat capacity, shown in Fig, 2(a), displays
three more or less obvious enhancements which appear
to maximize at mole fraction values of about 0.08, 0.54
and 0.9 . There is a fourth incipient augmentation dis-
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Fig. 2. (a) Heat capacity of aqueous sulfuric acid at T = 298.15 vers!

sulfuric acid mole fraction: O = Larson, Zeeb and Hepler,
(0 = Kunzler and Giauque A = Randall and Taylor.??
(b) Residuals of points given nonzero weight and curves of +3
percent of the predicted values for heat capacity of aqueous st
furic acid at T = 298.15 K versus sulfuric acid mole fraction: (
= Larson, Zeeb and Hepler,’* () = Kunzler and Giauque

cernible near the anhydrous acid. Young and Walrafen
used Raman spectroscopy to estimate ion concentratior
in aqueous sulfuric acid. They concluded that the sulfat
ion peaks at an acid mole fraction near 0.15 and that th
bisulfate ion peaks at a mole fraction of about 0.4 . The
also postulated the existence of a species, HsSO$, whos
concentration peaks near 0.9. Thus if is tempting to infe
that the second and first ionizations of sulfuric acid a1
the major contributors to the first two heat capacity e1
hancements and that the formation of HsSO% is large
responsible for the third.
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3. (a) Heat capacity of aqueous sulfuric acid at T = 253.15 K ver-
sus water mole fraction: O= Kunzler and Giauque 8
(b) Residuals of points given nonzero weight and curves of +3/4
percent of the predicted values for heat capacity of aqueous sul-
furic acid at T = 253.15 K versus water mole fraction: O= Kun-
zler and Giauque.®

Figures 13 and 14 show the relative chemical potential
water along the ice-solution freezing curve and the rel-
ve chemical potential of sulfuric acid along the anhy-
»us acid-solution freezing curve. These potentials are
ative to the pure species at 7 = 298,15 K. Because we
: dealing with a phase equilibrium, the meaning of the
serimental and calculated values is slightly different
m that in Figs. 2 to 12. Here the “experimental” values
» actually Gibbs energy values computed at the experi-
ntal freezing temperature from the thermodynamic
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Fig. 4. (a) Heat capacity of H,SO4(l) versus temperature: O= Rubin
and Giaugue.!’
(b) Residuals of points given nonzero weight and curves of +3/4
percent of the predicted values for heat capacity of H;SO4(1)
versus temperature: O= Rubin and Giauque."’

properties of ice or solid sulfuric acid. The calculated val-
ues are those obtained along the experimental freezing
curve using the present correlation for the thermal prop-
erties of aqueous sulfuric acid. Clearly, the properties are
well represented although the residuals do exceed 3/4
percent. For ice this is largely confined to a 10° region on
either side of the eutectic formed by ice and the hemihex-
ahydrate (Fig. 1). This eutectic, at —62 °C, is near the
low temperature limit of the Gable, Betz and Maron™ ex-
periments. Furthermore, below this temperature the so
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Fig. 5. (a) Heat capacity of H,SO4+H,O(l) versus temperature: O=
Rubin and Giauque.'’
(b) Residuals of points given nonzero weight and curves of +3/4
percent of the predicted values for heat capacity of
H,S04H;0(l) versus temperature:  O= Rubin and Giauque.”

Iution is supercooled. For the acid it occurs at the higher
concentrations where solution viscosity is high and where
it is very difficult to assure that phase equilibrium has
been established (Kunzler and Giauque).™!

All emf measurements were used in the form of differ-
ence values. For this data we display the residuals only to
show the approximate composition range of the data for
each of the cells and the general distribution of residuals.
Except for cell 2, all data are confined to rather dilute
acid concentrations. The residuals are plotted, grouped
by cell, in Figs. 15 to 18 versus the first composition in
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Fig. 6. (a) Heat capacity of H,S0,2H,0(1) versus temperature: O=
Rubin and Giauque.!”
(b) Residuals of points given nonzero weight and curves of x3/4
percent of the predicted values for heat capacity of
H:S042H,0(}) versus temperature: O= Rubin and Giangue.?

Eq. (4) (the unprimed composition). Each figure dispiays
the residuals at all temperatures. Except for isolated
points, all cells seem to exhibit similarly sized residuals
and to be comparably balanced between positive and neg-
ative values. One can generate a simple measure for the
quality of data representation that will also quantify the
relative suitability of galvanic cell data for the extraction
of aqueous sulfuric acid properties. The measure is just
the residual, expressed as a percentage of the voltage dif-
ference, associated with the maximum concentration dif-
ference for each dataset at a given temperature. This
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. 7. (a) Heat capacity of H,SO+3H,O(l) versus temperature: O=
Hornung and Giauque.'®
(b) Residuals of points given nonzero weight and curves of +3/4
percent “of the predicted values for heat capacity of
- HSO43H,0(l) versus temperature: O= Hornung and
Giauque.'®

mber directly gives the accuracy achieved in reproduc-
: the voltage difference between these two concentra-
ns. This is shown in Table 1 for T = 298.15 K.

rom Table 1 it is clear that the maximum voltage dif-
ence is well represented at 25 °C for 7 of 11 datasets.
fact, for those datasets the accuracy is essentially
hin 3/4 percent. The obvious exceptions are the mea-
ements of Covington, Dobson, and Wynne-Jones? for
‘h cell 1 and cell 2 and those of Trimble and Ebert® for
1 2. The latter made only a limited number of measure-
nts for aqueous sulfuric acid. Their primary concern
; the effect of ethylene glycol addition on solution
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Fig. 8. (a) Heat capacity of H,SO04+3.999H,O(l) versus tempera-
ture: O= Hornung and Giauque.'
(b) Residuals of points given nonzero weight and curves
of +3/4 percent of the predicted values for heat capacity of
H,S043.999H,0(l) versus temperature: O= Hornung and
Giauque.'®

properties. The former carried out experiments on very
dilute solutions where experiments are difficult and accu-
racy open to question. However, working with even more
dilute solutions, Shrawder and Cowperthwaite? pro-
duced data which could be well represented. On balance
it seems that the galvanic cell measurements are repre-
sented quite well at 25 °C.

The emf results at other temperatures are generally
similar to those shown for 25 °C. The residual percent-
ages generally tend to decrease at both higher and lower
temperatures. Only for the measurements of Shrawder
and Cowperthwaite® is there any significant deteriora-
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Fig. 9. (a) Heat capacity of H,S04+6.0034H,0O(l) versus temperature:
O= Hornung, Brackett and Giauque.!®
(b) Residuals of points given nonzero weight and curves
of +3/4 percent of the predicted values for heat capacity of
H>S046.0034H,0(1) versus temperature: O= Hornung,
Brackett and Giauque."?

tion at other temperatures and even here the error re-
mains reasonable (1.2 percent at 50 °C and 2.3 percent at
0°C). The implication is that the correlation is generally
consistent with the cell measurements to about 3/4 per-
cent. It is interesting to note, at least on the basis of Table
1 and similar values at other temperatures, that Hamer’s
data® for cell 1 arc not significantly lcss accurate than the
other data for this cell with regard to aqueous sulfuric
acid properties. This also applies to the measurements
made by Harned and Hamer® on cell 2. These two data
sets seem only moderately less accurate than those of
Beck, Singh and Wynne-Jones® and those of Beck, Dob-
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Fig. 10. (a) Heat capacity of H,SO04+6.501H,0(l) versus temperature
O= Hornung, Brackett and Giauque.!
(b) Residuals of points given nonzero weight and curv
of +3/4 percent of the predicted values for heat capacity .
H,5046.501H,0(1) versus temperature: O= Hornun
Brackett and Giauque.?

son and Wynne-Jones” for the corresponding cells. Th
Hamer datasets for both cells® seem superior to th
measurements of Covington, Dobson and Wynne-Jones
if Table 1, and similar information at other temperature:
is the criterion used for the evaluation.

The residuals associated with the tetrahydrate an
monohydrate freezing constraints (Eq. (6)) are shown i
Fig. 19 for the experimental freezing curves. Both sets ¢
residuals are of comparable magnitude even though th
monohydrate covers temperature and mole fraction in
tervals about double that of the tetrahydrate. The residu
als are less than 1/2-percent of the appropriate linea
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g. 11. (a) Heat capacity of HS048.001H,O(l) versus temperature:
O= Hornung, Brackett and Giauque.*
(b) Residuals of points given nonzero weight and curves
of +3/4 percent of the predicted values for heat capacity of
H,S048.001H,O(l) versus temperature: O= Hornung,
Brackett and Giauque.'”

>mbination of the solution chemical potentials (Eq. (5))-
'he representation of the two constraints thus seems ad-
quate.

Table 2 shows the mean residual, the standard devia-
on and the magnitude of the maximum residual for each
f the 33 datasets used to generate the representation for
1e thermodynamic properties of aqueous sulfuric acid. It
Iso gives these quantities for the Gibbs energy and en-
1alpy of the solution at the freezing points of the hy-
rates. :
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Fig. 12. (a) Heat capacity of HO(l) versus temperature: O= Dickin-
son and Osborne.*
(b) Residuals of points given nonzero weight and curves
of 13/4 percent of the predicted values for heat capacity of
H,O(l) versus temperature: O= Dickinson and Osborne.”

4.2 The Present Correlation Compared
to Previous Correlations

The present correlation will be compared with the pre-

vious correlations from Giauque ez al., Rard etal., and

Staples. The correlation by Pitzer et al. extends only to a
molality of six, and over this limited range its values and
those of Rard et al. are virtually identical. Consequently,
it will not be compared directly to the present correlation.
All values from the previous correlations were taken di-
rectly from tables given in the papers.
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TABLE 1. Accuracy of reproducing maximum cell potential

difference at T = 298.15 K

Residual, Data

Cell m(max)  m(min) WF(E — E')RT\

7.000 0.0005 26.668

8272 .1096 15.885

.096 .0073 5.262

2 .096 .0073 5.254
2 8.207 .005 15.870
2 1.041 .005 11.046
2 2.386 .0506 8.765
2 17.5 .05 21.975
2 7.972 .1003 14.234
3 3.499 .054 10.450
4 .02 .001 7.046

% ref.
0.85 20
.09 21
9.25 22
9.28 22
.06 23
4.20 24
.73 25
42 26
13 27
1.60 28
37 29

TABLE 2. Statistics of the correlation for aqueous sulfuric acid

Residuals (Obsd.-Pred.)

Dat:

Points Property Mean Std. dev. Max. mag. ref

1 5 —nF(E — E")RT, CELL 1 0.1947E+00 0.1856E + 00 0.486E + 00 22
2 77 ~nF(E — E')RT, CELL 1 — 4383E~-02 .6283E~01 129E+00 21
3 299 —nF(E — E')RT, CELL 1 ~.8971E~02 8113E-01 233E+00 20
4 13 ~nF(E — E')RT, CELL 2 ~ 7500E 01 A1233E+00 A85E+00 22
5 54 -nF(E - E")RT, CELL 2 2909E~02 1132E+00 .S06E+00 27
6 299 —-nF(E — E')RT, CELL 2 — 6358E—02 4522E-01 165E+00 26
7 6 -nF(E — E')/RT, CELL 2 ~.1545E+00 2383E+00 A66E +00 24
8 7 —nF(E — E")/RT, CELL 2 - .1838E~01 6383E—-01 126E+00 25
9 5 —nF(E — E')RT, CELL 2 ~ 3946E~ 02 .1028E +00 A57E+00 23
10 29 -nF(E — E')/RT, CELL 3 1091E~01 J142E~01 .166E+00 28
11 25 —~nF(E — E')RT, CELL 4 ~.1967E-01 .9838E-01 176E+00 29
12 25 Heo/RT T = 298.15K ~.1327E~-03 3497E-03 ARE-02 10
13 45 How/RT T = 298.15K - .5723E-05 2620E—03 127E-02 7
14 26 Howo/RT T = 298.15 K —3033E-05 .1089E - 04 279E—04 6
15 60 Ho.o/RT T = 298.15 K I162E—02 1273E-01 414E-01 8
16 10 HeoRTT = 25315 K ~.2037E+00 .1033E+00 397E+00 8
iy 9 Cp/R, T = 29815K —4512E—-02 . A112E-01 223E-01 13
18 67 Cp/R, T = 29815 K 2086E~-02 .5203E-01 129E+00 8
19 13 CrlR, T = 29815K 7920E+ 00 .6580E + 00 201E+01 12
20 11 Cp/R, T = 253.15K 3127E~01 5050E - 01 127E+00 8
21 4 Cp/R of H;SOL(L) —.5207E~02 A169E-01 J738E-01 17
2 4 Cp/R of H,SO+1.0H,0(L) 6057E-01 .1384E-01 J81E-01 17
23 12 Cp/R of H,S042.0H,0(L) -.1077E-01 .1802E-01 373E-01 17
24 8 Cp/R of H;SO¢3.0H,0(L) 3142E-01 .3498E-01 880E~01 18
25 9 Cr/R of H;5043.999H,0(L) A452E~02 AT33E~01 112E+400 18
26 11 Cp/R of H,S046.0034H,0(L) ~.1674E~01 4378E-01 J59E~01 19
27 14 Cp/R of H;S0,6.501H,0(L) —.3003E~01 2197E-01 S589E—~01 19
28 1 Cp/R of H;S048.001H,0(L) —.6397E-02 S137E-01 A15E+00 19
29 20 Cp/R of H,O(L) —.7916E-03 .8082E—02 .142E-01 11
30 22 Tetrahydrate Freezing Constraint S478E-02 1781E-01 442E-01 30
31 62 Monohydrate Freezing Constraint 3563E~02 2076E~01 A46E-01 31
32 24 R (H,O)/RT for H,O Freezing - 5T41E~-02 9945E—02 22E-01 30
33 39 p(H2SO04)/RT for H,SO, Freezing 2721E-03 A851E—02 103E-01 31
34 5 —GY/RT at Hydrate Freezing —.5241E-01 1376E + 00 210E+00 17,18,19
35 5 H®/RT at Hydrate Freezing 1595E~01 .1086E - 01 339E~01 17,18,19

a . . . .
Data were given zero weight in the correlation.
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13. (a) Relative chemical potential of water along the ice-aqueous
sulfuric acid freezing curve: O= Gable, Betz and Maron.*
(b) Residuals of points given nonzero weight and curves
of *3/4 percent of the predicted values for relative chemical
potential of water along the ice-aqueous sulfuric acid freezing
curve: O= Gable, Betz and Maron.*®

he correlations of Rard eful., and Staples aic re-
ted to a single temperature, 25°C, and to about
28. They expressed their results as the sulfuric acid
sity coefficient and the osmotic coefficient. These co-
ients are directly related to the chemical potentials of
iric acid and water by the expressions

(11— p3)/RT =In[4(mvy)’] (11)
(r2— w2 YRT = (3xi/xz)d

‘e the subscript 1 refers to sulfuric acid, subscript 2
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Fig. 14. (a) Relative chemical potential of sulfuric acid along the
: H,S04(s) — aqueous sulfuric acid freezing curve: O= Kunzler
and Giauque.®
(b) Residuals of points given nonzero weight and curves
of x3/4 percent of the predicted values for relative chemical
potential of water along the H,SO4(s) — aqueous sulfuric acid
freezing curve: O= Kunzler and Giaugque.™

refers to water and where pf is a reference value for the
sulfuric acid chemical potential. Figure 20 shows the sul-
furic acid activity coefficient relative to its value at unit
molality since the other correlations do not give a value
for the reference chemical potential of sulfuric acid. Fig-
ure 21 displays the osmotic coefficient. The agreement
among the correlations is generally good although there
are some differences in detail. For example, the Staples’
correlation clearly deviates substantially from the other
two above a molality of 15. On the other hand, the values
for the activity coefficients from Rard etal. and those
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19. (a) Tetrahydrate freezing constraint residuals: O= Gable, Betz
and Maron.®
(b) Monohydrate freezing constraint residuals: O= Kunzler
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n the present work are so close that it may be very
icult to distinguish between them on the scale of plot-
r in Fig. 20. The present values of the osmotic coeffi-
it show some deviation from the other correlations in
composition region centered near m = 15 where they
influenced by the tetrahydrate freezing constraint.
: previous correlations made no use of this data. Fur-
rmore, there are some minor differences in the os-
ic coefficient at the lowest concentrations, However,
tould be noted that comparing osmotic coefficients ex-
srates the importance of differences in the chemical
:ntial of water for the dilute acid region. Differences
smotic coefficients at m = 2 are almost an order of
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Fig. 20. Activity coefficient of aqueous sulfuric acid at T = 298.15 K
versus molality.
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Fig. 21. Osmotic coefficient of aqueous sulfuric acid at T = 298.15 K
versus molality.

magnitude larger than the corresponding differences in
the chemical potential of water. This magnification in-
creases rapidly with decreasing molality. Indeed, the os-
motic  coefficient approaches the numerically
indeterminate form 0/0 asx; —> 0. A plot of (p, — p2)/RT,
rather than the osmotic coefficient, shows excellent
agreement for the dilute sulfuric acid solutions.

The general concordance among the three correla-
tions, especially between the present correlation and that
of Rard et al ., is somewhat surprising because of the vari-
ability in the quantity and the type of experimental data
used to produce these correlations. The good agreement
for the chemical potential of water is all the more surpris-
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ing since the other correlations made extensive use of va-
por-liquid equilibria which were not used in the present
work. This suggests that the putative disagreement be-
tween vapor-liquid equilibria and emf is more an artifact
of analysis than of experiment.

The tabular correlation generated by Giauque et al.,
although also limited to 25 °C, does cover a broader range
of composition and properties than the correlations al-
ready discussed. It, like the present correlation, gives the
Gibbs energy and the enthalpy relative to the pure spe-
cies at 25 °C. That is, at 25 °C the relative enthalpy is ac-
tually the excess enthalpy while the relative Gibbs energy
combines the excess Gibbs energy and the Gibbs energy
of ideal mixing. Hence, a more extensive comparison is
possible in this case. Figure 22 compares the integral
properties while the partial properties are compared in
Figs. 23 to 25. The integral properties for the correlation
by Giauque ef al. were calculated from their tabulation of
partial molar properties. The agreement for heat capacity
is generally quite good, however, the correlations differ
appreciably in their values for enthalpy and Gibbs energy.
This is unexpected since both correlations relied on much

of the same experimental data for the more concentrated -

acid solutions.

Naturally, there are plausible reasons why there should
be some disagreement between the present correlation
and that of Giauque et al. Partly it can be ascribed to dif-
ferences in the treatment of data. The present correlation
used a larger database of measurements, treated the
analysis of that data as a multiproperty correlation and
required thermodynamic consistency among all proper-
ties. By contrast, Giauque et al. used a more restricted
collection of data and treated Gibbs energy, enthalpy and
heat capacity as independent properties. By doing this
they ignored consistency requirements among these
properties. Such an approach is always possible when
confining the analysis to a single temperature, but it is
necessary to account for the interdependence of proper-
ties when temperature is a variable. Because they treated
each property independently, they could use different
methods for heat capacity, enthalpy and Gibbs energy.
Thus, for example, they used experimental heat capacity
data directly and obtained the partial heat capacities by
differentiation. For both enthalpy and Gibbs energy they
gencerated onc of the partial propertics from experimen-
tal data and computed the other by a quadrature of the
Gibbs-Duhem equation. This quadrature might easily in-
troduce error as could their temperature extrapolation of
the chemical potentials to 298.15 K. The present correla-
tion used neither temperature extrapolation nor Gibbs-
Duhem quadrature. Another contributing factor to the
disagreement could well be that the present correlation
relied solely on analytical tools while Giauque et al. prob-
ably made some use of graphical methods for differentia-
tion and quadrature as part of their analysis. Given the
complex behavior of aqueous sulfuric acid, it is easy to
see that graphical techniques impose accuracy limitations
over and above those dictated by data inaccuracies. The
foregoing reasons are probably adequate to explain the
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Fig. 22. (a) Heat capacity of aqueous sulfuric acid at T = 298.15 K ver
sus sulfuric acid mole fraction.
(b) Relative enthalpy of aqueous sulfuric acid at T = 298.15 F
versus sulfuric acid mole fraction.
(c) Relative Gibbs energy of aqueous sulfuric acid at T =
298.15 K versus sulfuric acid mole fraction.
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1. 23. (a) Partial molar heat capacity of sulfuric acid in aqueous sul-
furic acid at T = 298.15 K.
(b) Partial molar heat capacity of water in aqueous sulfuric
acid at T = 298.15 K.

fferences in heat capacity where the agreement is gen-
ally better than 3/4 percent and where the two sets of
rtial properties generally display quite similar behav-
r. However, the magnitude of the disagreement for
ibbs energy and enthalpy is on the order of 4 to 5 per-
nt. This invites further explanation and requires exam-
ing their methods for generating these partial molar
operties.

Giauque etal. used vapor pressure data to establish
e chemical potential of water to x; = 1/3. In this con-
ntration range there is excellent agreement (Fig. 25)
tween their values and those obtained in the present
ik which relied on freezing points and emf measure-
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Fig. 24. (a) Partial molar relative enthalpy of sulfuric acid in aqueous
sulfuric acid at T = 298.15 K.
(b) Partial molar relative enthalpy of water in aqueous sulfuric
acid at T = 298.15 K.

ments. This consonance argues for the essential correct-
ness of the values out to this composition and contrasts
with the modest deviations exhibited by the other correla-
tions in the vicinity of the tetrahydrate composition (Fig.
21). It also reinforces the conclusion that emf and vapor
pressure measurements are basically in agreement rela-
tive to aqueous sulfuric acid properties. At higher acid
concentrations both the present work and Giauque et al.
used the same freezing points to establish the Gibbs en-
ergy. The sulfuric acid freezing curve from the pure acid
to the monohydrate-anhydrous acid eutectic, at about
x1= 0.73, directly supplies the sulfuric acid chemical po-
tential at the solution freezing temperature. They pro-
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Fig. 25. (a) Relative chemical potential of sulfuric acid in aqueous sul-
furic acid at T = 298.15 K.
(b) Relative chemical potential of water in aqueous sulfuric
acid at T = 298.15 K.

duced the water chemical potential in this composition
range from the sulfuric acid chemical potential by Gibbs-
Duhem quadrature. In this region their values for both
chemical potentials agree with the present values beyond
an acid mole fraction of about 0.85 with differences in-
creasing toward the eutectic composition. This seems to
implicate the substantial temperature extrapolation, to
298.15 K, required by their calculation for the more dilute
solutions although Gibbs-Duhem quadrature could also
contribute. The remaining portion of the composition
range corresponds to the monohydrate region of the
phase diagram. Here both correlations used the identical

freezing curve for the monohydrate to extract Gibbs
ergy information and it is in this part of the phase
gram that the major disagreement occurs. Giauque e
calculated the chemical potential of water from
monohydrate freezing curve by a procedure propose:
Giauque, Kunzler and Hornung.* The method invo,
the use of the monohydrate as a temporary compor
and explicitly used its thermodynamic properties in
calculation. Since the monohydrate can only detern
the sum of the water and the sulfuric acid chemical
tentials, they used the Gibbs-Duhem equation to el
nate the chemical potential of the acid. Their formula
the integrand possesses a singularity at the monohyd
composition and they were forced to patched va
across that composition. They prescribed an initial vz
for the chemical potential of water atx; = 1/3, where
ues agree, and proceeded by quadrature into the o
concentrated solution region. Divergence begins imm
ately beyond x; = 1/3 and agreement is not reestablis
until approximately x; = 0.85, in the region of the ar
drous acid freezing curve. The location of the diverge
thus points to some difficulty with the implementatio:
their procedure for generating the chemical potentia
water from the monohydrate freezing curve. The prob
could originate in the large temperature extrapola
from the freezing point to 298.15 K, or in the Gil
Duhem quadrature with its associated singularity. M
likely both are contributors to the disagreement.
The origin of the enthalpy difference is somew
more speculative because Giauque et al. did not desc:
their analysis of the data. However, it seems likely 1
they generated the partial molar enthalpy of water sin
by smoothing their own revised, and other, enthalp;
dilution data since their original measurements were
ulated as an average partial enthalpy of water. The |
tial molar enthalpy of sulfuric acid could then
generated by a Gibbs-Duhem quadrature. The dif
ences in the partial molar enthalpy of water are lar
confined to the sulfuric acid mole fraction interval fi
about 0.15 to 0.5 as can be seen in Fig. 24. In this conc
tration range the present work used the same enthalp
dilution data as Giauque et al. but supplemented it v
the constraints imposed by the monohydrate and tetr:
drate freezing curves. One possibility for error is that
avcrage partial molar enthalpy of water used by Giau
et al. may differ from the true derivative. However, sc
simple calculations show that this does become sigi
cant only below a sulfuric acid mole fraction of 0.2 wk
the error rises above 1/2 percent. But at these dilute ¢
centrations there is substantial agreement for the pa:
molar enthalpy of water. Consequently, a poten
source for the discrepancy is an inconsistency betw
the enthalpy of dilution and the freezing curves. Yet
two independent sets of freezing point measurem
confirm their essential correctness in the concentraf
range where the discrepancy in the water partial mq
enthalpy occurs. Furthermore, their accuracy is also ¢
firmed by the fact that the chemical potentials dedu
from the freezing point data are correct for both the



te and concentrated acid. By contrast, the only enthalpy
ita in the intermediate concentration region of the
1ase diagram are the uncorroborated dilution measure-
ents of Kunzler and Giauque. This seems to imply that
. this composition range the dilution data may not be as
scurate as one would like and may be responsible for the
iconsistency. Some additional error is probably gener-
.ed by the Gibbs-Duhem quadrature to produce the par-
al molar enthalpy of sulfuric acid.

4.3 The Solid Phases

To complete the thermodynamic picture of the sulfuric
sid-water system we must still consider the thermody-
amic properties of the pure solid phases which material-
e when the temperature of aqueous sulfuric aéid is
wered. Except for ice, the available information is quite
mited and all comes from a single source, namely, from
le calorimetric measurements of Giauque and cowork-
's. The absence of verifying measurements makes it very
ifficult to judge the quality of these data. Giauque and
yworkers determined the heat capacity for solid anhy-
rous sulfuric acid and its hydrates down to 15 K. They
easured the heat capacity of all of these species on rel-
ively pure samples except for the hemihexahydrate
hich could not be prepared in even moderately pure
rm. Hemihexahydrate values can be extracted from
ieir heat capacity measurements for a mixture of the
smihexahydrate and the tetrahydrate with a composi-
on of H,S046.0034 H,O which corresponds to a purity
T about 80 mole percent. This was done in this work us-
g the predicted values for the tetrahydrate obtained
sre.

Figures 26 to 31 display the heat capacity and the heat
ipacity residuals for sulfuric acid and its hydrates. These
gures only pertain to the heat capacities of the respec-
ve solid phases. That is, the measurements are at tem-
:ratures which are clearly below the various melting and
sritectic temperatures. The liquid phase heat capacities
T the corresponding compositions have already been
splayed in Figs. 4 to 12. Each heat capacity plot pre-
nts all experimental data points together with the pre-
cted curve. The corresponding. residual plot shows
:1/2 percent of the predicted curve but the residuals
ily for those points which were assigned a nonzero
eight in the analysis. To plot the residuals for the points
ven zero weight would have necessitated a much
varser plotting scale. As can be seen from these figures,
€ predicted values are generally within 1/2 percent of
€ experimental data which were used to generate the
ppresentation. It is also evident from the property plots
at the experimental measurements are increasingly un-
liable at the higher temperatures, near the melting and
rritectic points. All species, except the dihydrate, ex-
bit some “premelting” heat capacity enhancement. The
fect is most pronounced for the anhydrous acid and vir-
ally nonexistent for the dihydrate. This is unexpected
nce, except for the hemihexahydrate, the dihydrate was
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Fig. 26. (a) Ilcat capacity of I1;SO4(s) versus temperature: O= Rubin
and Giauque.!’
(b) Residuals of points given nonzero weight and curves
of £1/2 percent of the predicted values for heat capacity of
ILSO4(s) versus temperature:  O= Rubin and Giauque.'’

the most impure (98.4 mole percent purity) sample mea-
sured.

In addition to premelting, each of the solid phases has
some data points which are plainly in error. For example,
one might speculate that one of the monohydrate points
is a typographical error. Yet similarly sized excursions are
visible in the anhydrous acid. Furthermore, a whole se-
quence of such points is apparent in the tetrahydrate
measurements. These points come from a separate series
of tetrahydrate heat capacity measurements (Series 2) on
what was the most highly purified solid phase. Its purity
even exceeded the purity of the anhydrous acid. Under
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Fig. 27. (a) Heat capacity of H,SO+H,O(s) versus temperature: O=
Rubin and Giauque.!”
(b) Residuals of points given nonzero weight and curves
of %1/2 percent of the predicted values for heat capacity of
H,S04H,0(s) versus temperature: O= Rubin and Gi-
auque.V’

such circumstances it is probably best to regard all of the
errant values as the inevitable consequences of making
measurements on such a complex and difficult system.

Giauque et al . prepared tables of smoothed values for
the thermodynamic properties of solid anhydrous sulfuric
acid and its hydrates. Since they used the same measure-
ments that were used in the present work, it is natural
thflt their properties should agree very well with those ob-
tained in this work.

The thermodynamic properties of ice are more com-
plex than thosc of the other solid phases but, fortunately,
there are several independent sources of heat capacity
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Fig. 28. (a) Heat capacity of H,SO4+2H,O(s) versus temperature: O
Rubin and Giauque.'’
(b) Residuals of points given nonzero weight and curv
of =1/2 percent of the predicted values for heat capacity
H,S042H,O(s) versus temperature: O= Rubin and C
auque.’’

measurements, and these extend down to 2 K. The chi
difficulty with ice originates with its propensity for free:
ing disorder into its crystalline structure. This makes tt
heat capacity of ice a function of its thermal history. As
nealing ice for periods of up to a month has not si
ceeded in eliminating the disorder (Haida et al.);'® tt
greater the disorder, the lower the heat capacity. The
are two possible choices one could make. One is to gene
ate thermodynamic properties for the slowest possib
cooling rates (annealed ice) and the other is to genera
properties for the fastest possible cooling rate (quenche
ice). Since quenched ice is the form that is most likely 1



1eir own heat capacity data in the transition region. Na-
le’s theoretical estimate for the residual entropy of
oth cubic and hexagonal ice is 3.4091 +0.0008.

It might be helpful to examine how the ice properties
resented here differ from those selected by CODATA®,
‘he differences stem from two sources. The first is the
onscious decision to produce properties for quenched
se in this paper whereas the CODATA properties more
losely approximate annealed ice. The second source is
1e simple fact that CODATA does not incorporate the
reasurements of Haida efal.’® in its table while the
resent work does. Since both sets of properties used the
1easurements of Flubacher et al.,” there is little differ-
nce in properties to 25 K. In the region of the order-dis-
rder transition, from about 95 K to 145 K, the CODATA
eat capacity values are higher because of annealing. For
xample, the difference at 100 K is about 2 percent and
t 140 K it is about 0.3 percent. In the remaining temper-
turc intervals thc differences can be ascribed to the
[aida et al.’® measurements. As can be seen from Figs.
2(b) and 32(c), these data are lower than the Giauque
nd Stout values at the lower temperatures and the roles
re reversed at the higher temperatures. The two sets of
ieasurements generally differ by 1/2 percent or less in
1ese regions. Consequently the present heat capacity
alues tend to be slightly lower in the interval 35-95 K
nd slightly higher from 150-273.15 K. The heat capacity
iffers by 1/2 percent or less with the differences becom-
ig vanishingly small at the higher temperatures.

5. Recommended Values
5.1 Assigned Values

To complete the specification of the Gibbs energy for
ie sulfuric acid — water system it is still necessary to
iake some enthalpy and entropy assignments. Solution
roperties need assigned enthalpy and entropy values for
ater and anhydrous acid at 25 °C. Additionally, each
slid phase requires both an enthalpy value and an en-
opy value to generate the Gibbs energy from its heat
ipacity. These values are not all independent and must
> specified so as to achieve thermodynamic consistency
nong the phases. The standard state enthalpy of forma-
on at 25 °C will be used as the energy base.

The enthalpy of formation of water at 298.15 has been
lected by CODATA® and that value is adopted here.
he enthalpy of formation of sulfuric acid can be gener-
ed from experimental values of the enthalpy of combus-
>n of rhombic sulfur, thc centhalpy of formation of
ater, and the enthalpy of dilution as calculated from the
‘esent correlation for aqueous sulfuric acid. The en-
alpy of combustion of rhombic sulfur to form a dilute
lfuric acid has been measured by McCullough et al.,*
' Scott et al.** and by Good, Lacina and McCullough.*
1e entropies of sulfuric acid and water were obtained by
| integration of the heat capacities of the respective
lid phases from 0 K to their fusion temperatures, to
azich was added the entropy of fusion, and the entropy
iange from the fusion temperature to 298.15 K as calcu-
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TaBLE 3. Assigned values for sulfuric acid and water at T = 298.15K
and P = 0.1 MPa

(a) Standard enthalpy of formation (kJ/mole)

Sulfuric acid:

Mole ratio
H,0/MH,804 Combustion Dilution Formation
enthalpy enthalpy enthalpy
70 —600.739* ~76.9669 —809.6021
75 —602.412% -77.0177 ~811.2243
115 —601.868% - 712954 —810.4026
mean —810.4097+0.662
Water: CODATA® —285.830+0.040
(b) Entropy
S/R
Sulfuric acid:
entropy (0 K) 0.0
crystal (0 — 28345 K) 13.5352
fusion'’ 4.5449
liquid (283.45 — 298.15 K) 8329
total 18.9130
Water:
entropy (0K) 0.4123
crystal (0 — 273.15 K) 4.5584
fusion®? 2.6467
liquid (273.15 — 298.15 K) 1962
total 8.4136

lated from the correlation for aqueous sulfuric acid. Sul-
furic acid does not exhibit any residual disorder at abso-
lute zero and so its entropy was set to zero there. The
components of the calculation are shown in Table 3. The
entropy values for ice in Table 3 are those of quenched
ice.

The mean value for the enthalpy of formation of sulfu-
ric acid is —810.4097 kJ/mol, and is the value selected. It
is quite close to the value derived from the measurements
of Good etal. Also the entropy of water, 69.9541 kJ/
mol'K is in excellent agreement with the value
69.95+0.03 chosén by CODATA.*

The enthalpy of formation of a liquid solution, with the
same composition as that of the one of the hydrates, can
be obtained from the enthalpies of formation of sulfuric
acid and water, and the enthalpy change for dilution as
calculated from thc aqucous sulfuric acid corrclation.
Similarly, the entropy of the hydrate liquids can be ob-
tained from the entropies of the pure acid and water to-
gether with the entropy change accompanying dilution,
again calculated from the aqueous sulfuric acid correla-
tion. Table 4 compares these values to the values used in
the JANAF thermochemical tables.”’

The enthalpies of formation agree to better than 1/2
percent and the entire difference is attributable to the
use of different solution properties. The reason is that
the JANAF values were based on the solution properties
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TapLE 4. Liquid phase standard enthalpies of formation and entropies
at T = 29815 K and P = 0.1 MPa

Enthalpy of formation Entropy
kJ/mole kJ/mole’K

Species This work JANAFY  This work JANAFY
H,S0: —810.4097 —813.989 157.2504  156.895
H,S0+1H;0 —1124.1903 —1127.621 215.1320 211.510
H,S042H,0 —14252791 —1427.100 275.6751  276.363
H,S043H:0 —1719.7820 —1720.100 340.5366 345373
H,S04+4H;0 —2011.1854 . —2011.199 407.5424  414.529
H,$046.5H,0 —2733.5796 —2733.256 579.4578 587.819
H0 —285.830 —285.830 69.9541 69.950

of Giauque et al.? but the auxiliary data and the calcula-
tion method were substantially the same as used here.
The entropy differences, on the other hand, are some-
what larger. For the monohydrate and the tetrahydrate
the ditterence is about 1.7 percent while the trihydrate
and hemihexahydrate differ by 1.4 percent and the sulfu-
ric acid and the dihydrate differences are only 1/4 per-
cent. These differences cannot be so simply ascribed to
different solution properties, although they clearly played
a role. Instead, it seems likely that the major component
of the difference is the choice of calculation method. The
method used here to generate the entropies is quite
analogous to what was used to produce the enthalpies.
Thus these entropies reflect the properties of the anhy-
drous acid, water, and aqueous sulfuric acid solution but
not at all the properties of the solid phase hydrates. The
JANAF values for the sulfuric acid species, by contrast,
were calculated by a very different procedure; an integra-
tion of the heat capacities, at a fixed composition, com-
bined with the entropy of fusion. The heat capacities and
the enthalpies of fusion were those of Giauque and
coworkers. The JANAF entropy values largely reflect the
properties of the solid phase and mirror solution proper-
ties only to the limited extent of the liquid phase heat ca-
pacities. In an ideal thermodynamic world the calculation
method would be irrelevant. Consequently, the greater
disparity in the entropy values is probably symptomatic of
an underlying inconsistency among the measured proper-
ties of the different phases.

Thermodynamic inconsistencies among the phases are
to he expected in this hinary system in light of the great
experimental difficulties with the preparation of pure
samples, supercooling, and calorimeter gradients caused
by the highly viscous liquids. However, ice and H,SOu(s)
properties are automatically consistent with the proper-
ties of aqueous sulfuric acid because they were used in
the generation of the correlation through their freezing
curves and in the calculation of the solution reference
values. The five crystalline sulfuric acid hydrates, on the
other hand, had only a minimal effect on the correlation.
Their properties were only used to generate estimates for
solution enthalpy and Gibbs energy at the melting points.
The solid hydrate properties can be made consistent with
the solution only by an appropriate choice of the energy
reference E,.

1183

Consistency between aqueous sulfuric acid and a crys-
talline hydrate requires that, at its fusion temperature,
the Gibbs energy of a hydrate be equal to the Gibbs en-
ergy of the solution produced by melting. This, in effect,
determines one of the two values which need to be as-
signed in order to generate the Gibbs energy of the hy-
drate from its heat capacity. There are two alternatives
available to determine the remaining value. One can as-
sign either an enthalpy or an entropy for the solid at some
temperature. Sulfuric acid hydrates, like sulfuric acid it-
self, do not exhibit any residual disorder at absolute zero
and so their entropies may be set to zero at that temper-
ature. Alternatively, one can assign an enthalpy to the
solid at its fusion temperature using the solution enthalpy
and a measured enthalpy of fusion. Both options will
point out any discrepancies between the solution proper-
ties and the hydrate properties. Assigning an entropy will
lead to a discrepancy between the calculated and mea-
sured enthalpies of fusion. Assigning an enthalpy will
lead to a nonzero entropy at 0 K for an apparently or-
dered crystalline phase. I have chosen to impose the zero
entropy condition because there appears to be greater
uncertainty about the experimental enthalpies of fusion
and heat capacities than about the crystalline order.

The assigned values, together with the present correla-
tions can be used to calculate implied enthalpies of fusion
for the solid phases. These are compared with experi-
mental values in Table 5. The experimental values for the
incongruently melting trihydrate and hemihexahydrate
are estimated values because these solids undergo peri-
tectic reaction rather than melting. Also the hemihexahy-
drate could not be prepared in even moderately pure
form. The disagreement between the calculated and ex-
perimental enthalpies of fusion is consistent with the ob-
vious difficulties associated with heat capacity
measurements near the melting points of the anhydrous
acid and its hydrates (Figs. 26, 27, and 29 to 31). The
same apparatus was used for both measurements.

TABLE 5. Enthalpies of fusion for pure solid phases

Hi/RT;
Diff.,
Species T; Caiculated Experimental  percent

H,SO, 283.45 4.5449 4.5449Y7 0.0
H,S0,1H0 281.63 8.7203 8.3016" -5.0
H;50,2H,0 233.67 9.2223 9.3895%7 1.8
H;SO04+3H,0 236.76 11.5534 12.1916% 52
H,S044H,0 244.88 14.1596 15.0465'® 59
H,50,-6.5H,0 220.27 17.4664 18.6467"° 6.3
HO 273.15 2.6467 2.6467°2 .0

The validity of the choices for the assigned values, as
well as the correlations themselves, may be judged by the
extent of agreement between experimental and calcu-
lated freezing points. This can be seen in Fig. 1. On the
whole, the agreement is quite good with the discrepancies



eing confined to a small region between the monohy-
rate and the eutectic formed by the monohydrate and
1e anhydrous acid. Kunzler and Giauque ascribed the
igher temperatures of Gable et al. to their inability to
ttain equilibrium in concentrated sulfuric acid solutions.
‘his same explanation could also explain the fact that the
unzler and Giauque temperatures are somewhat higher
1an the calculated curves in this region.

5.2. Functions, Parameters and Tables

The results of the correlation are a set of functions
‘hich describe the Gibbs energy of aqueous sulfuric acid
nd the various solid phases. The relative Gibbs energy
or aqueous sulfuric acid is represented by the function

2 2 2
~G(T,P;x)/IRT = _El(b(i )'Elkzl(p,-k,- + oy (12)
i= j=lk=

here p and € are functions of temperature, ®(1) =
, and ®(2) = xwe. The functions pjki are symmetric in
1e first pair of indices, that is, they satisfy the condition
jki = M- This function of composition is a special case
f a more general representation of solution properties
hich is applicable to both electrolyte and nonelectrolyte
wlticomponent solutions. The general form of the func-
on was derived and characterized mathematically by
eleznik.” The capabilities of the function to reproduce
ie thermodynamic behavior of binary and ternary sys-
:ms was explored by Zeleznik and Donovan® who tested
on the experimental data for several highly nonideal so-
tions.

The temperature dependence of pj and € is here
10sen to be identical in form to the function that was
sed to describe the temperature dependence of the
ibbs energy of the pure species.

~[G(T,P)-E}JRT=T* %ﬂanmamﬂ/’f s 20T + G
(13)

2
Wjki = E_‘,oa,,T" +a3/T +a4lnT

2
€1 = E_)Oa,,T" +as/T +a,nT

.all cases the temperature dependence is simply a poly-
ymial of degree m multiplied by the temperature raised
some power, p, plus additional terms. These might in-
ade a reciprocal temperature, the logarithm of the tem-
rature or a constant. The values of m and p differ from
se to case. The parameters are given in Table 6 where
ly the nonzero and distinct parameters are shown.
Aqueous sulfuric acid properties from 200 to 350 K are
otted as a function of sulfuric acid mole fraction in Figs.
to 35. These same properties, together with those at
8.15 K, are also listed in Table 7. Extrapolation above
0 K is not recommended, especially for the concen-
ited acid, where there are no measured values above
°C. Activity coefficients and osmotic coefficients are
nply alternative forms of the chemical potentials and
n be calculated from them using Eq. 11. However,
sre may be occasions when it would be convenient to
ve available tabulated values of these coefficients. Con-
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sequently, Table 8 gives these values, to a molality of
m =30, at increments of 25 degrees from 273.15 K to
348.15 K.
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Fig. 33. (a) Relative Gibbs energy of aqueous sulfuric acid versus sulfu-
ric acid mole fraction at four temperatures and a pressure of
0.1 MPa.
(b) Relative chemical potential of sulfuric acid in aqueous sul-
furic acid veisus sullmic acid mole fraction at four tempera-
tures.
(o) Relative chemical potential of water in aqueous sulfuric
acid versus sulfuric acid mole fraction at four temperatures.



THERMODYNAMIC PROPERTIES OF THE AQUEOQUS SULFURIC ACID SYSTEM

PRESSURE = 0.1 MPA

- TEMPERATURE,

.25 .50 .75 1.00
H,50, MOLE FRACTION

FIGURE 34(A).

10
'_ PRESSURE = 0.1 MPA

&
3

TEMPERATURE,
K

200
250
300
350

I
W
(=]

T

H,80, PARTIAL MOLAR H'/RT

-50 2 ) L 1
0 .25 .50 75 1.00
stoq MOLE FRACTION

FIGURE 34(B)
PRESSURE = 0.1 MPA

TEMPERATURE,
K

Hy0 PARTIAL MOLAR HI/RT

—_— 200
I —— 250
B D — 300
] —— 350
1 1 ! ——
) 25 50 75 1.00

HyS0y MOLE FRACTION

FIGURE 3u4(C).
Fig. 34. (a) Relative enthalpy of aqueous sulfuric acid versus sulfuric
acid mole fraction at four temperatures and a pressure of 0.1 MPa.
(b) Relative partial molar enthalpy of sulfuric acid in aqueous sulfuric
acid versus sulfuric acid mnole fraction at four temperaturcs.
(c) Relative partial molar enthalpy of water in aqueous sulfuric acid ver-
sus sulfuric acid mole fraction at four temperatures.

The thermodynamic properties of each of the solid
phases are tabulated in Tables 9 to 15 as a function of
temperature from absolute zero to the melting point. If
properties are required at conditions which differ from
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Fig. 35. (a) Heat capacity of aqueous sulfuric acid versus sulfuric
mole fraction at four temperatures and a pressure of 0.1 MPa.
(b) Partial molar heat capacity of sulfuric acid in aqueous sulfuric
versus sulfuric acid mole fraction at four temperatures.

(c) Partial molar heat capacity of water in aqueous sulfuric acid w
sulfuric acid mole fraction at four temperatures.

those given in Tables 7 to 15, then they can be calcul:
from the Gibbs energy functions, Eq.(12) and Eq.(
using the usual thermodynamic relations as giver

Egs.(7) to (11).



TABLE 6. Summary of reference values and parameters

A. Parameters for the Gibbs energy of aqueous sulfuric acid

Distinct, nonzero parameters for —G®/RT,

1. Sulfuric acid

2. Water

Pure Component Reference Values at T = 298.15 K and P = 0.1 MPa

H} = —810.4097 kJ/mof
Hf = ~285.830 kJ/mol
St = 157.2504 J/molK
SF= £9.9541 ¥molK

HYRT = -326.91766
HRT = -115.30325

SR =
SHR =

P = gt

18.9130

Temperature Interval (K) 200.00 ~ 350.00, Pressure = 0.1 MPa
Basis Pagg Paz1 P21
1 ~0.235245033870E + 02 0.111458541077E 4 04 ~0.801488100747E + 02
T 0.406889449841E - 01 -0.118330789360E + 01 —~0.116246143257E —~ 01
77 —0.151369362907E - 04 —0.209946114412E - 02 0.606767928954E — 05
ur 0.296144445015E + 04 —0.246749842271E + 06 0.309272150882E + 04
InT 0.492476973663E + 00 0.341234558134E + 02 0.127601667471E + 02
Basis €11 €m € n
1 0.288731663295E + 04 —0.370944593249E + 03 0.383025318809E + 02
T —0.332602457749E + 01 —0.690310834523E + 00 ~0.295997878789E — 01
T2 ~0.282047283300E — 02 0.563455068422E — 03 0.120999746782E — 04
ur —0.528216112353E + 06 —0.382252997064E + 04 ~0.324697498999E + 04
InT 0.686997435643E + 00 0.942682037574E + 02 ~0.383566039532E + 01
Basis &2y B2z €122
1 0.232476399402E + 04 0.888711613784E+ 03 -~ 0.163385547832E + 04
T —0.141626921317E + 00 ~0.250531359687E + 01 ~0.335344369968E + 01
T -0.626760562881E — 02 0.605638824061E — 03 0.710978119903E — 02
yr —0.450590687961E + 06 —0.196985296431E + 06 0.198200003569E + 06
InT —0.612339472744E + 02 0.745500643380E + 02 0.246693619189E + 03
Basis €213
1 0.127375159848E + 04
T 0.103333898148E + 01
T? 0.341400487633E - 02
ur 0.195290667051E + 06
InT —0.431737442782E + 03

B. Parameters for Gibbs energy of the solid phases

Pressure = 0.1 MPa

Solid Phase Reference Values at P = 0.1 MPa

Species e TK  (Eo - 3nHYRT  Eo kifmol
HS504(s) 1,0 283.45 —5.3993 —823.1343
H,S0,1H,0(s) 1,1 281.63 — 221561 ~1148.1201
HaSQ«2H,0(s) 1,2 233.67 —39.9093 —1459.6066
H,S043H,0(s) 13 236.76 ~47.6710 ~1761.7410
HoS04H,0(s) 14 244.88 —52.3606 ~20603376
H.S0,6.5H0(s) 165 22027 —76.6639 ~72808.7081
H,0(s)-Quenched 0,1 27315 —3.4788 —293.7306
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TABLE 6. Summary of reference values and parameters — Continued

B. Parameters for Gibbs energy of the solid phases — Continued

Parameters for —(G — Eo)/RT of the solid phases

HzSO4(S)
Molecular weight = 98.07948

Ey(kJfmol) = —823.1343

Interval (K) 0.00 80.00 80.00 283.45
Basis
P 3.00000 0.00000
T({) 0.209513417696E — 04 —0.937517723026E + 01
T+1) —0.526499356359E — 06 0.168198441246E — 01
Tp+2) 0.617953576113E - 08 0.179957151783E - 05
T(p+3) —0.368383090168E — 10 —0.292577568186E — 08
T(p+4) 0.897739978818E—13 0.198704416569E + 01
yr 0.186399939975E + 04 0.000000000000E + 00
inT 0.000000000000E + 00 0.193990512985E + 04
H,S0,-H,O(s)
Molecular weight = 116.09476 Eo(kJ/mol) = —1148.1201
Interval (K) 0.00 90.00 90.00 281.63
Basis
P 3.00000 0.00000
T(p) 0.135237334699E — 04 —0.266864085251E + 01
T@+1) —0.271433961873E - 06 0.397370872284E - 01
T(p +2) 0.257003106068E — 08 —0.326896193052E — 04
Tp+3) —0.124603123850E — 10 0.307238866459E ~ 07
T +4) 0.249036954092E - 13 0.153155889980F + 00
vr 0.227467951684E + 04 0.000000000000E + 00
InT 0.000000000000E + 00 0.231432720591E + 04
H2S042H,0(s)
Molecular weight = 134.11004 Eo(kI/mol) = —1459.6066
Interval (K) 0.00 75.00 75.00 233.67
Basis
p—_—— o I‘:.OOOOO 0.00000
T({) 0.289027765084E — 04 0.604443808619E + 00
T(p+1) —0.777131111063E - 06 0.579024881322E - 01
Tp+2) 0.986006125594E — 08 —0.618363003496E - 04
T +3) —0.636115498524E —- 10 0.622828589050E - 07
T(p +4) 0.167578634080E — 12 ~0.655841247173E + 00
yr 0.197815173932E + 04 0.000000000000E + 00
InT 0.000000000000E + 00 0.198747107654E + 04
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TABLE 6. Summary of reference values and parameters — Continued

B. Parameters for Gibbs energy of the solid phases — Continued

H,S0,3H,0(s)
Molecular weight = 152.12532 Ey(kJ/mol) = —1761.7410
Interval (K) 0.00 80.00 80.00 236.76
Basis
p 3.00000 ~ 0.00000
T(p) 0.299347801065E — 04 0.540110012718E + 00
T@p+1) —0.750745750843E — 06 0.743408859682E — 01
T +2) 0.890028803487E 08 —0.873919155921E — 04
T(p+3) —0.535469857197E—10 0.999853606186E — 07
T@+4) 0.131126727994E—12 —0.869699692193E + 00
ur 0.256132391046E + 04 0.000000000000E + 00
inT 0.000000000000E -+ 00 0.258414096223E + 04
H,S044H,0(s)
Molecular weight = 170.14060 Eg(kJ/mol) = —2060.3376
Interval(K) 0.00 75.00 75.00 244.88
Basis
p 3.00000 0.00000
T(p) 0.486962518106E - 04 —0.916278239224E + 01
T +1) —0.135026575456E — 05 0.633712328367E— 01
Tp+2) 0.175469324815E - 07 —0.509938896061E — 04
T +3) —0.115168446959E — 09 0.552201803973E 07
Tp+4) 0.306657510197E— 12 0.152059812384E + 01
yr 0.318323386377E + 04 0.000000000000E + 00
InT 0.000000000000E + 00 0.327056137013E + 04
H>S046.5H,0(s)

Molecular weight = 215.17880

Ey(kJ/mol) = —2808.7081

Interval (K) 0.00 85.00 85.00 22027
Basis
P 3.00000 0.00000

T() 0.493060918545E — 04 —0.172433321490E + 02
Tp+1) —-0.119938102576E — 05 0.737029098304E - 01
T(p +2) 0.136538215188E — 07 —0.300049546281E - 04
T{ +3) —0.783198153045E - 10 0.374194111724E-07
T(p+4) 0.181877346790E — 12 0.307267288403E + 01
ur 0.369992150384E + 04 0.000000000000E + 00
InT 0.000000000000E + 00 0.387572385258E + 04

H;O(s)-QUENCHED

Molecular weight = 18.01528 Ey(kJ/mol) = —293.7306

Interval (K) 0.00 50.00 50.00 273.15

Basis

P 4.00000 0.00000

T(p) 0.350462310185E - 06 0.15771675676513 +01
Tp+1) —0.157573711316E - 07 0.169067080008E — 01
T(p+2) 0.300609854202E - 09 —0.257488994006E — 04
T +3) —0.273402074809E —- 11 0.444157502439E - 07
T +4) 0.967048529086E — 14 —0.321027432499E - 10
T 0.646699573040E + 03 0.642434349535E + 03
InT 0.000000000000E + 00 —0.424558830553E + 00
1 0.412254109268E + 00 0.000000000000E + 00

. Phys. Chem. Ref. Data, Vol. 20, No. 6, 1991



THERMODYNAMIC PROPERTIES OF AQUEOUS SULFURIC ACID SYSTEM 118

TABLE 7. Aqueous sulfuric acid properties

T = 200.000 K, P = 0.10000 MPa 1. Sulfuric acid 2. Water
Heat Capacity Relative enthalpy Relative Gibbs energy

xn Cr/R Cr(1))R  Cp(2)IR H®RT H{)RT HPRT -GOYRT  —pYRT — wW/RT x

0.0000 9.5666 - 9.5666 —4.5429 - —4.5429 0.8400 - 0.8400  0.0000
.0200 8.8917 —28.1451 9.6475 —5.3349 —42.2609 ~4.5812 1.7100 41.8587 .8906 .0200
.0400 8.2957 —13.1596 9.1896 —6.1153 —44.36017 —4.5217 2.5059 39.5439 9627 .0400
.0600 7.9667 —2.6600 8.6449 -6.9111 —43.9642 —4.5460 3.2515 37.0405 1.0947 .0600
.0800 7.8181 4.0659 8.1443 —17.6832 —42.3094 —4.6721 3.9432 34.5150 1.2848 .0800
.1000 7.7864 8.2916 7.7302 —8.4127 —40.1422 —~4.8871 4.5810 32.0860 1.5249 .1000
1200 7.8294 10.9210 7.4077 —9.0921 —37.8440 -5.1713 5.1664 29.8037 1.8067 .1200
.1400 7.9198 12.5590 7.1645 -9.7197 —35.6037 -5.5059 5.7017 27.6821 2.1235 .1400
.1600 8.0409 13.6099 6.9800 —10.2967 —33.5083 —5.8754 6.1896 25.7174 2.4700 .1600
.1800 8.1827 14.3447 6.8300  —10.8260 —31.5902 —6.2679 6.6324 23.8979 2.8424 .1800
.2000 8.3405 14.9446 6.6894 —11.3107 —29.8531 - 6.6751 7.0325 22.2093 3,2383 .2000
.2200 8.5129 15.5289 6.5340  —~11.7542 —28.2862 —7.0913 7.3919 20.6367 3.6562 .2200
2400 8.7010 16.1735 63412  —12.1595 —26.8723 -7.5133 77123 19.1669 4.0950 2400
.2600 8.9073 16.9238 6.0906 —12.5294 —25.5928 -7.9395 7.9952 17.7882 4.5544 .2600
.2800 9.1357 17.8032 5.7649  —12.8664 —24.4298 —8.3695 8.2421 16.4912 5.0340 .2800
.3000 9.3904 18.8191 53494  —-13.1725 —23.3674 —8.8032 8.4539 15.2684 5.5334 .3000
.3200 9.6760 19.9675 48329  —13.4495 —22.3925 -9.2410 8.6318 14.1140 6.0519 .3200
.3400 9.9973 21.2360 42075  —13.6990 —21.4947 —9.6830 8.7767 13.0240 6.5886 .3400
3600 10.3586 22.6063 3.4692 —13.9224 —20.6662 —10.1290 8.8895 11.9957 7.1422 .3600
.3800 10.7640 24.0558 26174  —14.1209 -19.9014 —10.5780 8.9711 11.0274 7.7108 .3800
.4000 11.2172 25.5590 1.6559  —14.2958 —19.1962  —11.0287 9.0225 10.1182 8.2920 .4000
.4200 11.7210 27.0886 5927  —14.4480 —18.5480  —11.4790 9.0445 9.2678 8.8828 .4200
4400 12.2776 28.6160 —.5598  —14.5789 -179551 —11.9261 9.0382 8.4762 9.4798 4400
4600 12.8883 30.1123 —1.7841  —14.6896 -17.4160 —12.3670 9.0047 7.7435 10.0791 4600
4800 13.5534 31.5487 —-3.0577 —14.7813 -16.9292  —12.7985 8.9452 7.0697 10.6764 4800
.5000 14.2721 32.8967 —4.3525  —14.8552 -16.4930 132174 8.8609 6.4547 11.2671 .5000
5200 15.0425 34.1288 —35.6344 —14.9127 —16.1049 —13.6210 8.7532 5.8978 11.8465 5200
.5400 15.8614 3521890 —6.8629  —14.9550 —-15.7617  —14.0079 8.6234 5.3979 12.4099 .5400
.5600 16.7240 36.1424 ~7.9905  —14.9833 —15.4589  —-14.3777 8.4732 4.9535 12.9528 .5600
.5800 17.6244 36.8767 —8.9623  —14.9986 -151910 -14.7328 8.3040 4.5621 13.4713 .5800
.6000 18.5547 374013 -9.7154  —15.0018 -14.9511  —15.0779 8.1174 4.2210 13.9618 .6000
.6200 19.5056 37.6988 -—10.1782 —14.9937 —-14.7313  —15.4216 7.9149 3.9265 14.4222 6200
.6400 20.4657 37.7544 -102700 -—14.9742 ~14.5225 —-15.7772 7.6980 3.6743 14.8512 .6400
6600 214218 375573 —-9.9001 —14.9433 ~143148  ~16.1631 7.4682 3.4596 15.2496 .6600
6800 22.3586 37.1001 —8.9675 —14.8999 —14.0976 —16.6045 7.2268 3.2771 15.6199 .6800
.7000 23.2583 363803 ~7.3600  -—-14.8423 —13.8600 —17.1340 6.9749 3.1210 15.9672 .7000
7200 24.1011 354001 —4.9538 —14.7678 —13.5914  -17.7928 6.7132 2.9852 16.2994 .7200
.7400 24.8645 34.1675 —1.6136 —14.6728 —132817 -18.6317 6.4424 2.8637 16.6279 .7400
600 255236 32.6967 2.8080  —14.5519 -129222 -19.7123 6.1626 2.7505 16.9677 7600
.7800 26.0504 31.0089 84697  —14.3987 —-12.5065  —~21.1070 5.8735 2.6399 17.3382 .7800
8000 . 26.4145 29.1330  15.5400  —14.2048 -12.0310  -22.8998 5.5743 2.5271 17.7633 .8000
.8200 26.5825 27.1065 241951  —13.9603 ~114962  —25.1851 5.2635 2.4081 18.2714 .8200
.8400 26.5185 249765  34.6135 —13.6530 -109077  —28.0650 4.9389 2.2805 18.8955 .8400
.8600 26.1838 228004  46.9674 —13.2690 -102777  —31.6439 4.5978 2.1438 19.6722 8600
.8800 25.5381 20.6468  61.4069  —12.7929 -9.6260 —36.0161 4.2365 1.9998 20.6391 .8800
.9000 24.5395 18.5961  78.0306  —12.2078 -89817 —41.2419 3.8507 1.8530 21.8299 .9000
9200 23.1474 16.7403 96.8295 —11.4972 —8.3841 —47.2971 3.4358 L7117 23.2637 9200
9400 21.3249 15.1816  117.5716  —10.6477 -7.8829  —53.9621 2.9872 1.5872 24.9208 9400
9600 19.0461 14.0256  139.5409 ~9.6553 -75351 -60.5424 2.5019 1.4942 26.6870 9600
.9800 16.3109 13.3601  160.9145 - 8.5419 ~7.3892  —65.0258 1.9812 1.4457 28.2256 .9800

1.0000 13,1352 13.1352 - —17.3879 -17.3879 - 1.4243 1.4243 - 1.0000
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TABLE 7. Aqueous sulfuric acid properties — Continued

. 250.000 K, P = 0.10000 MPa 1. Sulfuric acid 2. Water

Heat Capacity Relative enthalpy Relative Gibbs energy
t Cr/R Cp(1))R  Cp(2)R HORT HP[RT HYRT -GYRT —p)RT  —pRT X
0000 9.2232 - 9.2232 —-1.7584 - -1.7584 0.1499 - 0.1499  0.0000
0200 9.0107 - 5.4941 9.3066 —2.4757 —37.0740 —1.7696 .8499 32.9346 1951 .0200
0400 8.8037 2.5876 9.0626 —3.1787 —36.4711 -~ L7915 1.4790 30.4925 2701 .0400
0600 8.7271 7.1297 8.8289 —3.8544 —34.6485 —1.8888 2.0599 28.2674 .3870 .0600
0800 8.7204 9.4067 8.6606 —4.4861 —32.4269 —2.0564 2.5950 26.1953 5428 .0800
1000 8.7488 10.5090 8.5531 ~5.0687 —30.1688 -2.2797 3.0867 24.2733 7327 .1000
.1200 8.7948 11.0608 8.4856 —5.6022 —28.0258 -2.5444 3.5374 '22.4945 .9523 1200
.1400 8.8504 11.4032 8.4346 —6.0889 —26.0528 ~2.8389 3.9491 20.8473 1.1983 .1400
.1600 8.9134 11.7166 8.3793 —6.5318 --24.2594 —-3.1551 4.3240 19.3183 1.4679 .1600
.1800 8.9844 12.0894 8.3027 —6.9341 —22.6341 —3.4877 4.6637 17.8945 1.7594 1800
.2000 9.0657 12.5578 8.1925 -7.2986 -2L1571 —3.8339 4.9699 16.5640 2.0713 2000
.2200 9.1600 13.1291 8.0404 —-7.6278 -19.8060 —4.1928 5.2438 15.3162 2.4029 2200
2400 9.2702 13.7949 7.8412 —-7.9237 -18.5600 —4.5648 5.4868 14.1423 2.7534 2400
.2600 9.3990 14.5395 7.5927 —8.1880 -17.4004 —~4.9512 5.6997 13.0354 3.1223 .2600
.2800 9.5488 15.3445 7.2948 —8.4220 -16.3122 —-5.3536 5.8836 11.9896 3.5090 .2800
.3000 9.7216 16.1919 6.9485 —8.6267 —15.2838 —5.7736 6.0392 11.0006 3.9129 .3000
.3200 9.9190 17.0650 6.5560 —8.8027 —14.3065 —6.2126 6.1673 10.0652 4.3330 .3200
.3400 10.1423 17.9497 6.1202 —8.9506 —13.3749 —6.6714 6.2687 9.1810 4.7684 3400
3600 10.3924 18.8341 5.6439 -9.0709 —12.4858 —17.1501 6.3441 8.3466 5.2176 .3600
.3800 10.6701 19.7086 5.1302 —9.1642 —11.6380 —7.6479 6.3941 . 7.5609 5.6790 .3800
4000 10.9757 20.5656 4.5823 —9.2307 —10.8320 —8.1631 6.4196 6.8234 6.1504 .4000
4200 11.3095 21.3989 4.0032 -9.2711 —10.0693 —8.6931 6.4213 6.1338 6.6295 4200
4400 11.6715 22.2036 3.3961 —9.2860 -9.3521 —9.2340 6.4001 5.4919 7.1136 4400
4600 12.0617 22.9752 2.7649 —-9.2761 —8.6830 —9.7813 6.3567 4.8975 7.5998 4600
.4800 12.4798 23.7094 2.1139 —9.2424 -8.0645  —10.3297 6.2923 4.3505 8.0847 4800
.5000 12.9254 24.4015 1.4490 -9.1859 —74987  —-10.8730 6.2077 3.8505 8.5649 .5000
.5200 13.3976 25.0465 7778 —9.1079 -6.9874  —11.4050 6.1041 3.3968 9.0369 5200
.5400 13.8957 25.6386 1104 —-9.0097 -6.5313  —11.9190 5.9825 2.9887 9.4970 .5400
5600  14.4183 26.1707  —.5396 —8.8929 —6.1305 —12.4086 5.8441 2.6247 9.9416 .5600
.5800 14.9635 26.6350 —1.1546  —8.7591 —5.7838  —12.8678 5.6902 2.3034 10.3673 .5800
.6000 15.5289 27.0224 -17115 —8.6101 -54890  —13.2917 5.5220 2.0227 10.7710 .6000 .
6200 16.1116 273230 —2.1808 ~8.4476 —5.2427 —13.6765 5.3407 1.7802 11.1499 .6200
.6400 16.7076 27.5260 —2.5253 —8.2733 =5.0405  —14.0206 5.1476 1.5733 11.5021 6400
.6600 173118 27.6202 —2.6988 —8.0889 -4.8766 —14.3244 4.9440 1.3986 11.8261 6600
6800  17.9181 27.5943  —2.6443 —7.8959 —-4.7448  —14.5919 4.7309 1.2529 12.1217 6800
J000  18.5186 274378 —2.2933 —7.6954 —4.6376  —14.8302 4.5096 1.1324 12.3897 .7000
J200 19.1039 27.1409 —1.5633 —7.4884 —-4.5473  —15.0511 4.2809 1.0331 12.6326 7200
7400 19.6626 26.6963  ~.3571 ~7.2753 —-4.4659 —-15.2712 4.0458 9510 12.8543 7400
7600  20.1810 26.0994 1.4390 —7.0560 —-43855 —15.5128 3.8050 .8820 13.0610 .7600
7800 20.6432 25.3498 3.9555 —6.8298 —4.2986  —15.8041 3.5588 8223 13.2610 7800
.8000  21.0301 24.4524 7.3402 —6.5952 -4.1990 —16.1797 3.3074 .7680 13.4652 .8000
8200  21.3199 23.4190  11.7566 -6.3497 —-4.0819  —16.6803 3.0508 7159 13.6875 .8200
8400 214877 222700  17.3800 ~6.0900 -3.9450 —17.3510 2.7883 6634 13.9444 .8400
8600  21.5057 21.0362  24.3890 ~5.8118 —3.7888  —18.2390 2.5192 .6085 14.2560 .8600
8800 213430 19.7605  32.9474 —5.5101 -3.6177 -19.3873 2.2419 5506 14.6446 .8800
9000 209672 18.5001  43.1698 -5.1791 -34411  -20.8210 1.9547 4903 15.1345 .9000
9200  20.3457 17.3279  55.0497 —4.8132 —3.2734  -22.5206 1.6553 4297 15.7497 .9200
.9400 19.4501 16.3319  68.3032 —4.4084 —-3.1349 243592 1.3410 3728 16.5090 .9400
.9600 18.2654 15.6102  81.9904 —-3.9661 -3.0504  —25.9427 1.0089 3252 17.4191 .9600
.9800 16.8111 15.2469  93.4626 —-3.5022 -3.0411  —26.0990 6562 2921 18.4988 .9800
.0000 15.1606 15.1606 - —-3.0732 —-3.0732 - .2666 .2666 - 1.0000
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THERMODYNAMIC PROPERTIES OF AQUEOUS SULFURIC ACID SYSTEM 119
TaBLE 7. Aqueous sulfuric acid properties — Continued
T = 298.150 K, P = 0.10000 MPa 1. Sulfuric acid 2. Water
Heat Capacity Relative enthalpy Relative Gibbs energy

X Cr/R Ce(1))R  Cr(D)IR HORT HORT HPRT -GORT  —wRT —u$RT Xt

0.0000 9.0647 - 9.0647 0.0000 - 0.0000 0.0000 - 0.0000  0.0000
.0200 9.0144 10.7257 8.9793 ~.6190 —30.5904 —.0073 5822 26.9503 .0440 0200
.0400 9.0894 13.4719 8.9067 -1.2179 —29.2279 ~.0508 1.0961 24.6971 1128 .0400
0600 9.1710 12.2582 8.9737 —1.7829 —27.4306 —.1458 1.5676 22.8056 2120 0600
.0800 9.2164 10.3868 9.1144 —2.3083 —25.5368 —.2885 2.0010 21.1057 3397 .0800
.1000 9.2250 8.9600 9.2542 —2.7928 —23.6759 — 4725 2.3990 19.5520 .4931 .1000
1200 9.2101 8.2872 9.3358 —3.2368 -21.8990 -.6920 2.7640 18.1207 .6699 1200
1400 9.1887 8.3645 9.3227 —3.6416 —20.2237 —.9421 3.0976 16.7947 .8679 .1400
1600 9.1767 9.0648 9.1978 —4.0086 —18.6526 -1.2192 3.4015 15.5605 1.0855 1600
.1800 9.1872 10.2215 8.9600 —4.3394 -17.1813 —1.5205 3.6770 14.4070 1.3217 1800
2000 9.2208 11.6671 8.6202 —4.6358 —15.8028 —1.8437 3.9253 13.3252 15753 2000
2200 9.3105 13.2510 8.1989 —4.8982 —14.5094 -2.1873 4.1473 12.3075 1.8458 2200
2400 9.4323 14.8464 1.7224 —5.1288 -13.2940 -2.5503 4.3441 11.3480 2.1323 .2400
2600 9.5950 16.3529 7.2205 —5.3283 -12.1501 —2.9315 4.5162 10.4419 24342 .2600
2800 9.7064 17.6954 6.7244 —5.4978 —11.0723 —-3.3300 4.664% 95854 2.7509 2800
.3000 10.0322 18.8224 6.2648 —5.6383 —10.0563 —3.7449 4.7898 8.7757 3.0816 3000
3200 10.2967 19.7033 5.8698 —5.7506 —9.0989 —4.1749 4.8926 8.0106 3.4253 .3200
.3400 10.5832 20.3254 5.5643 —5.8355 —8.1974 —4.6188 4.9734 7.2885 3.7808 3400
3600 10.8847 20.6909 5.3685 —5.8940 ~7.3503 -5.0749 5.0331 6.6082 4.1471 3600
.3800 11.1937 20.8140 5.2971 —5.9269 -6.5563 -5.5411 5.0721 5.9690 4.5224 3800
4000 11.5030 20.7186 5.3591 -5.9349 —5.8146 -6.0151 5.0912 5.3700 4.9052 4000
4200 11.8059 20.4352 5.5569 —5.9191 —5.1248 —6.4944 5.0909 4.8110 5.2936 4200
4400 12.0962 19.9991 5.8R66 —5.8R05 —4.4864 —-6.975R8 5.0721 42915 5.6855 4400
4600 12.3688 19.4481 6.3380 —5.8199 -3.8993 ~7.4560 5.0354 3.8109 6.0785 .4600
4800 12.6194 18.8209 6.8947 —5.7386 —3.3630 —7.9314 4.9817 3.3689 6.4703 4800
.5000 12.8450 18.1553 7.5346 —5.6376 —2.8769 —8.3983 4.9116 2.9648 6.8584 .5000
5200 13.0438 17.4866 82306 —~55181 ~2.4401 —~R 8526 4.8262 2.5979 7.2402 .5200
.5400 13.2153 16.8472 89516 -5.3815 —-2.0516 —-9.2905 4.7262 2.2671 7.6131 .5400
5600 13.3601 16.2646 9.6632 -5.2290 —-1.7099 —9.7079 4.6127 19712 7.9745 .5600
.5800 13.4802 15.7617  10.3293 —5.0620 -14130  -10.1013 4.4864 1.7090 8.3220 .5800
.6000 13.5786 153552  10.9135 —4.8820 -1.1586  —10.4670 4.3485 1.4786 8.6533 .6000
6200 13.6594 15.0559  11.3805 - 4.6902 —.9440  -10.8023 4.1998 1.2782 8.9666 .6200
6400 13.7274 14.8686  11.6982 —4.4881 —=.7661  —11.1049 4.0413 1.1056 9.2602 .6400
6600 13.7881 147916  11.8398 —4.2771 —-.6214 —113734 - 3.8739 9585 9.5331 .6600
6800 138474 148174 11.7859 —4.0584 —.5060 -11.6073 3.6986 .8344 9.7849 .6800
.7000 13.9113 149330  11.5271 —3.8334 -.4159  -11.8076 3.5161 .7305 10.0160 7000
7200 13.9855 151206  11.0663 —3.6031 —.3467 ~11.9767 3.3274 6439 10.2277 7200
7400 14.0751 153586  10.4213 —-3.3685 —-.2941  -12.1186 3.1330 5718 10.4226 .7400
7600 11.1842 15.6229 9.6275 —3.1303 —.2538 —12.2395 2.9335 5112 10.6044 7600
.7800 14.3155 15.8881 8.7395 —2.8892 -2215  -123473 2.7294 4591 10.7785 .7800
.8000 14.4701 16.1292 7.8327 ~2.6454 -.1936 —12.4524 2.5208 4130 10.9522 .8000
.8200 14.6466 16.3244 7.0022 -2.3988 —.1667 ~12.5671 2.3078 .3701 11.1347 .8200
8400 14.8413 16.4567 6.3596 —2.1492 -.1384  —12.7056 2.0901 .3286 11.3380 .8400
.8600 15.0479 16.5169 6.0231 —1.8958 -.1073 ~-12.8824 1.8672 .2866 11.5765 .8600
.8800 15.2578 16.5070 6.0959 —1.6378 -.0733 -13.1110 1.6381 .2431 11.8681 .8800
.9000 15.4610 16.4429 6.6215 —-1.3739 -.0378  —13.3986 1.4016 .1980 12.2345 .9000
9200 15.6482 16.3576 7.4883 —1.1030 —.0044 —13.7371 1.1560 1520 12.7021 5200
9400 15.8166 16.3018 8.2138 —.8246 0215  —14.0798 .8987 .1068 13.3054 9400
.9600 15.9821 16.3396 7.3987 —.5400 0326 —14.2820 .6268 0655 14.0992 9600
9800 16.2104 16.5195 1.0612 -.2559 0223 —13.8891 .3352 .0309 15.2470 .9800

1.0000 16.6818 16.6818 - 0000 .0000 - .0000 .0000 - 1.0000
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TABLE 7. Aqueous sulfuric acid properties — Continued

T = 300.000 K, P = 0.10000 MPa 1. Sulfuric acid 2. Water
Heat Capacity Relative enthalpy Relative Gibbs energy

x Cp/R Cp(1)/R  Cp(2)/R H®YRT HYRT HPIRT ~G9RT  -wRT - wORT Xy

0.0000 9.0619 - 9.0619 0.0559 - 0.0559 0.0002 - 0.0002 0.0000
0200 9.0124 11.2394 8.9668 —.5596 —30.3340 .0481 5785 26.7619 .0442 .0200
.0400 9.0964 13.8064 ©  8.9000 -1.1543 —28.9635 .0044 1.0888 24511 1126 .0400
.0600 9.1824 123712 8.9786 -~1.7153 —-27.1855 —.0896 1.5568 22.6366 2112 .0600
.0800 9.2282 10.3430 9.1310 -2.2372 ~25.3154 —-.2304 1.9869 20.9484 3381 .0800
.1000 9.2345 8.8283 9.2794 -2.7187 —23.4751 —.4124 2.3820 19.4062 4904 .1000
1200 9.2160 8.1237 9.3648 ~3.1600 —21.7133 —.6300 2.7442 17.9858 .6658 1200
1400 9.1908 8.2101 9.3503 —3.5624 -20.0479 —-.8787 3.0753 16.6701 .8622 .1400
.1600 9.1755 8.9467 9.2189 —3.9273 —18.4820 -1.1549 33770 15.4456 1.0782 .1600
.1800 9.1838 10.1556 8.9703 ~-4.2560 -~17.0125 —1.4558 3.6505 14.3012 1.3125 1800
2000 9.2256 11.6604 8.6167 —4.5500 -15.6334 -1.7791 3.8969 13.2279 1.5641 .2000
2200 9.3070 13.3033 8.1797 —4.8106 ~14.3381 -2.1233 41173 12.2183 1.8324 .2200
.2400 9.4310 14.9523 7.6872 —5.03%0 —13.1201 —2.4870 4.3126 11.2663 2.1167 .2400
.2600 9.5971 16.5030 7.1706 —5.2363 -11.9739 —2.8690 4.4836 10.3672 2.4163 .2600
.2800 9.8030 17.8781 6.6625 —5.4035 —-10.8943 —3.2682 4.6309 9.5175 2.7305 .2800
.3000 10.0440 19.0245 6.1950 —5.5416 —9.8776 —3.6833 4.7552 8.7140 3.0586 .3000
.3200 10.3140 19.9111 5.7975 —5.6516 —8.9206 -4.1132 4.8573 7.9549 3.3996 .3200
.3400 10.6060 20.5251 5.4960 —-5.7342 - 8.0209 —4.5562 4.9377 7.2383 3.7525 .3400
.3600 10.9126 20.8696 53115 ~5.7905 —7.1768 —5.0106 4.9969 6.5633 4.1159 .3600
.3800 11.2258 20.9601 5.2594 ~5.8212 —6.3870 —54743 5.0358 5.9289 4.4883 .3800
.4000 11.5381 20.8216 5.3490 ~5.8273 —5.6506 —5.9450 5.0548 5.3346 4.8682 .4000
.4200 11.8424 20.4865 5.5827 —5.8097 -4.9670 —6.4200 5.0547 4.7798 5.2537 4200
4400 12.1323 19.9921 5.9565 —5.7695 —4.3355 —6.8962 5.0361 4.2642 5.6426 4400
.4600 12.4022 19.3781 6.4595 -5.7076 ~3.7556 ~17.3705 4.9998 3.7873 6.0326 .4600
.4800 12.6477 18.6852 7.0745 ~5.6253 —3.2266 —7.8394 4.9465 3.3486 6.4216 4800
.5000 12.8658 17.9531 77782 ~5.5235 —2.7478 —8.2993 4.8711 2.9474 6.8068 .5000
.5200 13.0543 17.2194 8.5420 —5.4036 —2.3181 —8.7463 4.7924 2.5832 7.1858 .5200
.5400 13.2129 16.5179 9.3329 —5.2668 —-1.9361 —9.1768 4.6933 2.2547 7.5560 .5400
5600 13.3422 15.8781 10.1145 -5.1144 —1.6002 ~9.5871 4.5807 1.9610 7.9148 .5600
.5800 13.4443 15.3241 10.8482 —4.9478 —-1.3084 -9.9737 4.4555 1.7005 8.2599 .5800
.6000 13.5225 14.8741 11.4948 —4.7683 -1.0582 ~10.3334 4.3186 14717 8.5890 .6000
.6200 13.5811 145400  12.0162 —4.5773 -.8469  —10.6636 41711 1.2726 8.9002 .6200
.6400 13.6254 143273 123771 —4.3761 —-.6713  ~10.9622 4.0138 1.1012 9.1919 .6400
6600 13.6612 14.2349  12.5472 —4.1660 ~.5280 —11.2281 3.8478 .9550 9.4632 .6600
.6800 13.6950 14.2555 12.5037 —3.9485 —~.4132 ~11.4608 3.6738 8316 9.7136 6800
7000 13.7335 143763 122331 —3.7245 -.3229  —11.6615 3.4928 7282 9.9434 7000
7200 13.7828 14.5791 11.7348 —3.4953 —-.2530 —11.8325 3.3054 .6421 10.1541 7200
.7400 13.8491 14.8419  11.0227 —3.2616 -.1992 ~11.9778 3.1125 .5703 10.3480 7400
7600 13.9371 15.1397 10.1282 —3.0243 —.1574 —12.1031 2.9145 5099 10.5291 7600
7800 14.0505 15.4460 9.1021 —2.7839 -.1236 -12.2161 2.7118 4581 10.7025 .7800
.8000 14.1911 15.7347 8.0158 —2.5407 ~.0942  -12.3267 2.5047 4121 10.8755 .8000
.8200 14.3587 15.9825 6.9609 —2.2946 —-.0661  —12.4466 2.2933 .3694 11.0574 .8200
.8400 14.5507 16.1705 6.0453 —2.0453 —.0370 —12.5890 2.0771 3230 11.2598 3400
.8600 14.7616 16.2880 5.3835 —-1.7922 —.0055 —12.7678 1.8557 2862 11.4972 .8600
.8800 14.9840 16.3350 5.0750 —1.5345 0284  —12.9957 1.6283 .2430 11.7874 .8800
.9000 15.2090 16.3254 5.1589 -1.2709 0634  —-13.2797 1.3935 .1981 12.1520 9000
9200 15.4286 16.2902 5.5174 —1.0004 0963 —13.6122 1.1495 1523 12.6175 9200
9400 15.6412 16.2784 5.6575 —.7225 1218 —13.9502 .8940 1073 13.2187 9400
.9600 15.8644 16.3520 4.1574 — 4384 1332 ~-14.1583 6238 0660 14.0112 .9600
9800 16.1661 16.5577 —3.0265 —.1545 1242 -13.8095 3339 .0314 15.1614 .9800

1.0000 16.7319 16.7319 - .1030 .1030 - 00u3 0003 - 1.0000
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THERMODYNAMIC PROPERTIES OF AQUEOUS SULFURIC ACID SYSTEM

TABLE 7. Aqueous sulfuric acid properties — Continued

T = 350.000 K, P = 0.10000 MPa 1. Sulfuric acid 2. Wa
Heat Capacity Relative enthalpy Relative Gibbs energy

x Ce/R Cr(1))R  Cx(2)/R H®RT H{RT HPRT —GORT  —pfYRT  —p$RT X
0.0000 9.0827 - 9.0827 1.3418 - 1.3418 0.1104 = 0.1104  0.0000
0200 8.8967 22.0553 8.6280 .8010 —23.5520 1.2980 .6000 22.6005 A511 0200
0400 9.1737 20.4968 8.7018 3182 -223217 1.2615 1.0271 20.5641 2131 .0400
0600 9.3325 13.0642 9.0940 —.1442 —21.4309 1.2145 1.4163 18.8995 3003 0600
.0800 9.3414 6.8750 9.5556 —.5865 —20.4166 1.1378 1.7723 17.4401 4099 0800
.1000 9.2433 3.2496 9.9090 —1.0048 ~19.2124 1.0183 2.0984 16.1355 5387 1000
1200 9.0932 21098  10.0452 —1.3943 —-17.8438 .8488 2.3969 14.9564 6842 1200
.1400 8.9411 2.9795 9.9114 —-1.7514 -16.3604 .6268 2.6699 13.8816 8447 1400
.1600 8.8274 5.3001 9.4990 -2.0731 —14.8137 3537 2.9189 12.8938 1.0189 1600
.1800 8.7810 8.5436 8.8329 —-2.3576 —13.2503 L0334 3.1453 11.9794 1.2061  .1800
2000 8.8203 12.2525 7.9620 —2.6043 —11.7097 - 3279 3.3501 1112711 .1.4059  .2000
2200 8.9541 16.0514 6.9521 -2.8130 -10.2237 —~.7229 3.5344 10.3279 1.6182 . .2200
2400 9.1833 19.6455 58792  —2.9847 -88167  —1.1430 3.6987 9.5748 1.8431 2400
2600 9.5018 22.8144 4.8242 —3.1205 -7.5067  —1.5795 3.8438 8.8622 2.0806 2600
2800 9.8984 25.4038 3.8682 —32224 ~6.3059  —2.0234 . 3.9702 8.1860 2.3307 2800
3000 103575 27.3169 3.0890 —3.2926 -52214  —2.4660 4.0782 7.5431 2.5932 3000
3200  10.8610 28.5055 2.5574 —3.3335 ~4.2563  ~2.8993 4.1683 6.9315 2.8679 3200
3400  11.3885 28.9622 2.3351 —3.3478 -34100 -33158 42408 6.3498 31544 3400
3600 119190 28.7130 24721 —-3.3382 —2.6791 —3.7090 4.2962 5.7971 3.4520 3600
3800 124311 27.8103 3.0050 —3.3075 ~20576  —4.0736 43348 5.2731 3.7596 3800
4000 129045 26.3271 3.9559 —3.2585 ~1.5381 —4.4054 4.3569 4.7778 4.0763 4000
4200 133199 24.3514 53313 —3.1937 -11116  —4.7015 4.3630 43113 4.4004 4200
4400 13.6599 21.9814 7.1214 —~3.1157 —.7680  —4.9603 43535 3.8740 4.7302 4400
4600 13.9097 19.3210 9.2999 —~3.0267 —.4970  -5.1817 4.3289 3.4661 5.0639 4600
4800  14.0572 164762  11.8241 —2.9289 —2876  —5.3671 4.2898 3.0879 53991 4800
5000 14.0934 13.5516  14.6349 ~2.8241 —-.1293 —5.5190 4.2366 2.7396 5.7337 5000
5200 14.0126 10.6473  17.6580 —-2.7138 -0114  -56415 41702 2.4212 6.0650  .5200
5400  13.8129 7.8569  20.8044 —2.5993 0761 —-5.7399 40911 21325 63904 5400
5600 13.4959 5.2645 239718 —2.4814 1424 -5.8209 4.0001 1.8731 6.7073  .5600
5800  13.0670 29439  27.0462 —2.3609 .1961 —5.8920 3.8980 1.6423 7.0131  .5800
6000 125355 9564  29.9038 —2.2380 2448 —5.9621 3.7856 1.4301 73053  .6000
6200  11.9140 —.6501  32.4130 -2.1126 2949  —6.0405 3.6637 1.2624 75816  .6200
6400 11.2189 —1.8416 344373 —1.9844 3518 —6.1375 3.5331 1.1105 7.8399  .6400
6600 104699 —2.5986  35.8378 —-1.8527 4196  —6.2637 3.3048 9818 8.0788  .6600
.6800 9.6895 —29164 364765 —~1.7167 5014  —6.4301 3.2495 8741 82972 6800
7000 8.9030 —2.8042  36.2194 ~1.5750 5988  —6.6473 3.0981 .7853 8.4948  .7000
7200 8.1381 —2.2854  34.9407 ~1.4263 7125 —-6.9262 2.9414 127 86721 - .7200
7400 7.4240 —-1.3957  32.5259 ~1.2689 8419  -7.2766 2.7800 6540 8.8309  .7400
7600 6.7916 —~.1826  28.8758 —1.1009 9854 77078 2.6145 6063 89738  .7600
7800 6.2722 1.2974  23.9096 —0.9205 1.1406  —8.2280 2.4454 .5669 9.1054  .7800
8000 5.8976 29801  17.5670 —~0.7255 1.3041 —8.8441 2.2730 .5333 92318  .8000
8200 5.6991 4.7969 9.8080 —0.5138 14722 =9.5617 2.0974 .5030 93612 8200
.8400 5.7072 6.6780 .6092 ~0.2834 1.6407 —10.3854 1.9186 4737 9.5042 8400
8600 5.9516 8.5560 —10.0490 —0.0321 1.8054 —11.3196 1.7360 4438 9.6741  .8600
.8800 6.4610 103704 —22.2102 2423 19621  —12.3701 1.5491 4120 9.8876  .8800
9000 7.2649 12.0720 —36.0020 .5420 21075  —13.5482 1.3566 3779 10.1651 9000
9200 8.3961 13.6273 ~51.7674 .8694 22388  —14.8789 1.1570 3417 10.5323 9200
9400 9.8981 15.0210 —70.3656 1.2280 23544 —16.4201 .9481 23050 11.0233  .9400
9600  11.8430 16.2510 —93.9581 1.6226 24530 -18.3085 70 2701 11.6946 9600
9800 143760 17.2926 ~128.5528 2.0628 25312 —20.8896 .4889 2393 12,7211  .9800
1.0000  17.8491 17.8491 - 2.5638 2.5638 - 2085 .2085 - 1.0000




TABLE 8. Activity and osmotic coefficients for aqueous sulfuric acid

T=21315K T =29815K T =32315K T =34815K
m ¥(m)iv(1) &(m) YD) dlm)  vm)(D) $(m) Y(m)h(1) $(m) m
0.01 3.3532 0.8514 3.8242 0.7835 41117 0.7594 4.7475 0.7344 0.01
0.02 2.9724 0.8380 3.2492 0.7736 3.4402 0.7506 3.9009 0.7250 -0.02
0.03 2.7467 0.8269 2.9357 0.7656 3.0824 0.7434 3.4572 0.7173 0.03
0.04 2.5842 0.8171 2.7221 0.7584 2.8424 0.7370 3.1626 0.7105 0.04
0.05 2.4568 0.8083 2.5613 0.7521 2.6636 0.7313 2.9449 0.7044 0.05
0.06 2.3519 0.8003 2.4328 0.7464 2.5221 0.7262 2.7737 0.6989 0.06
0.07 2.2626 0.7930 2.3264 0.7411 2.4057 0.7215 2.6337 0.6939 0.07
0.08 2.1850 0.7862 2.2357 0.7363 2.3072 0.7172 2.5158 0.6893 0.08
0.09 2.1165 0.7799 2.1571 0.7318 22222 0.7132 2.4145 0.6850 0.09
0.10 2.0551 0.7740 2.0879 0.7277 2.1476 0.7095 2.3259 0.6811 0.10
0.20 1.6587 0.7309 1.6613 0.6980 1.6948 0.6831 1.7951 0.6528 0.20
0.30 1.4431 0.7059 1.4415 0.6819 1.4650 0.6689 1.5304 0.6373 0.30
0.40 1.3044 0.6917 1.3033 0.6739 13211 0.6618 1.3663 0.6294 0.40
0.50 1.2083 0.6848 1.2083 0.6713 12221 0.6597 1.2539 0.6266 0.50
0.60 1.1389 0.6833 11397 0.6728 1.1503 0.6612 1.1725 0.6275 0.60
0.70 1.0875 0.6858 1.0889 0.6773 1.0966 0.6653 1.1114 0.6313 0.70
0.80 1.0493 0.6916 1.0506 0.6842 1.0557 0.6716 1.0647 0.6372 0.80
0.90 1.0208 0.7000 1.0217 0.6930 1.0242 0.6795 1.0284 0.6448 0.90
1.00 1.0000 0.7105 1.0000 0.7033 1.0000 0.6889 1.0000 0.6538 1.00
1.50 0.9688 0.7833 0.9593 0.7701 0.9459 0.7487 0.9305 0.7117 1.50
2.00 1.0090 08742 0.9828 0.8498 0.9538 0.8197 0.9257 0.7802 2.00
2.50 1.0926 0.9714 1.0430 0.9337 0.9949 0.8941 0.9536 0.8514 2.50
3.00 1.2095 1.0696 1.1293 1.0178 1.0581 0.9685 1.0020 0.9217 3.00
3.50 1.3558 1.1658 1.2370 1.1000 1.1383 1.0409 1.0649 0.9895 3.50
4.00 1.5302 1.2585 1.3639 1.1791 1.2326 1.1104 1.1389 1.0539 4,00
4.50 1.7325 1.3471 1.5090 1.2547 1.3394 1.1767 1.2221 1.1145 4.50
5.00 1.9633 1.4312 1.6717 1.3265 1.4577 1.2394 1.3133 1.1714 5.00
5.50 22232 1.5107 1.8518 1.3945 1.5869 1.2987 1.4113 1.2245 5.50
6.00 2.5133 1.5856 2.0492 1.4587 1.7265 1.3547 1.5156 1.2741 6.00
6.50 2.8345 1.6562 2.2641 1.5193 1.8762 1.4073 1.6256 1.3204 6.50
7.00 3.1878 1.7226 2.4965 1.5764 2.0357 1.4569 1.7408 1.3635. 7.00
7.50 3.5743 1.7850 2.7466 1.6302 2.2047 1.5035 1.8608 1.4037 7.50
8.00 3.99560 1.8437 3.0144 1.6810 2.3830 1.5474 1.9853 1.4413 8.00
8.50 4.4506 1.8989 3.3001 1.7288 2.5705 1.5887 2.1141 1.4763 8.50
9.00 4.9422 1.9508 3.6038 1.7739 2.7670 1.6275 2.2469 1.5090 9.00
9.50 5.4706 1.9997 3.9255 1.8164 29722 1.6642 2.3834 1.5396 9.50
10.00 6.0363 2.0456 4.2652 1.8565 3.1860 1.6987 2.5234 1.5683 10.00
10.50 6.6402 2.0889 4.6230 1.8943 3.4083 1.7313 2.6668 1.5952 10.50
11.00 7.2828 21297 4.9988 1.9300 3.6388 1.7620 2.8133 1.6204 11.00
11.50 7.9646 2.1681 5.3926 1.9638 3.8774 1.7910 2.9629 1.6441 11.50
12.00 8.6860 2.2043 5.8043 1.9956 4.1238 1.8183 3.1153 1.6664 12.00
12.50 9.4474 2.2385 6.2337 2.0258 4.3779 1.8442 3.2705 1.6874 12.50
13.00 ~10.2490 2.2707 6.6807 2.0542 4.6394 1.8686 3.4282 1.7071 13.00
13.50 11.0911 2.3011 7.1450 2.0811 4.9082 1.8917 3.5884 1.7258 13.50
14.00 11.9736 2.3299 7.6266 2.1066 5.1839 1.9135 3.7509 1.7433 14.00
14.50 12.8968 23570 8.1250 2.1306 5.4665 1.9342 3.9157 1.7599 14.50
15.00 13.8604 2.3826 8.6401 2.1534 5.7556 1.9537 4.0825 1.7756 15.00
15.50 14.8644 2.4068 9.1714 2.1749 6.0510 19722 4.2512 1.7904 15.50
16.00 15.9085 2.4297 9.7187 2.1952 6.3524 1.9897 4.4218 1.8045 16.00
16.50 16.9924 2.4512 10.2816 2.2144 6.6597 2.0062 4.5942 1.8178 16.50
17.00 18.1157 2.4716 10.8596 2.2326 6.9725 2.0218 4.7681 1.8303 17.00
17.50 19.2780 2.4909 11.4524 2.2498 7.2905 2.0366 4.9436 1.8422 17.50
18.00 20.4787 2.5090 12.0594 2.2660 7.6136 2.0505 5.1204 1.8535 18.00
18.50 21.7172 2.5262 12.6802 2.2813 7.9413 2.0637 5.2985 1.8641 18.50
19.00 22.9928 2.5423 13.3143 2.2957 8.2735 2.0762 5.4778 1.8742 19.00
19.50 24.3048 2.5576 13.9612 2.3093 8.6099 2.0879 5.6581 1.8838 19.50
20.00 25.6523 2.5719 14.6203 23221 8.9501 2.0990 5.8393 1.8928 20.00
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THERMODYNAMIC PROPERTIES OF AQUEOUS SULFURIC ACID SYSTEM

TABLE 8. Activity and osmotic coefficients for aqueous sulfuric acid — Continued

T =27315K T = 298.15K T = 32315K T = 348.15K
) o(m) Ymv(D)  dlm)  ym)A(D) om)  vmA()  bm)  m
27.0343 2.5854 15.2910 2.3342 9.2938 2.1094 6.0213 1.9014 20.5
28.4500 2.5981 15.9727 2.3455 9.6409 2.1192 6.2041 1.9094 21.0
29.8984 2.6100 16.6650 2.3562 9.9909 2.1284 6.3873 19171 21.5
31.3783 2.6212 17.3671 2.3661 10.3436 21371 6.5711 1.9242 220
32.8886 2.6316 18.0784 2.3755 10.6987 2.1452 6.7551 1.9310 225
34.4281 2.6414 18.7984 2.3842 11.0558 2.1528 6.9394 1.9374 230
35.9956 2.6505 19.5263 2.3923 11.4148 2.1599 7.1238 1.9434 235
37.5898 2.6590 20.2615 2.3999 11.7752 2.1665 7.3082 1.9490 24.0
39.2094 2.6669 21.0035 2.4069 12.1368 2.1726 7.4924 1.9543 24.5
40.8531 2.6742 21.7514 2.4134 12.4994 2.1783 7.6765 1.9593 25.0
42.5194 2.6810 22.5048 2.4194 12.8626 2.1835 7.8601 1.9639 25.5
44.2071 2.6872 23.2628 2.4249 13.2261 2.1884 8.0433 1.9681 26.0
45.9145 2.6929 24.0249 2.4300 13.5897 2.1928 8.2259 1.9721 26.5
47.6404 2.6981 24.7905 2.4346 13.9530 2.1969 8.4079 1.9758 27.0
49.3832 2.7028 25.5588 2.4387 14.3159 2.2005 8.5890 1.9792 2715
51.1414 2.7071 26.3293 2.4425 14.6780 2.2039 8.7693 1.9823 28.0
52.9136 27109 27.1013 2.4458 15.0392 2.2068 8.9436 1.9851 28.5
54.6983 2.7143 27.8743 2.4488 15.3990 2.2095 9.1268 1.9876 29.0
56.4939 2.7173 28.6474 24513 15.7574 22118 9.3038 1.9960 29.5
58.2991 2.7198 29.4203 24536 16.1140 2.2138 9.4795 1.9920 30.0:




TABLE 9. Properties of H,SO4(s) TABLE 10. Properties of H,SO4H,0(s)

Standard state pressure is 0.1 MPa Standard state pressure is 0.1 MPa
At T = 0 K values are Cp/R, (H — Eg)/R, SIR, —(G — Eo)/R At T = 0K values are Cp/R, (H — Ey)/R, S/IR, ~(G — Ey)/R
TK Cp/R (H — Eo)RT S/IR —(G — Eo)/RT TK Ce/R (H — Eu)/RT S/IR —(G — Eo)RT
0.00 0.0000 —1863.9994 0.0000  1863.9994 0.00 0.0000 —2274.6795 0.0000  2274.6795
5.00 0254 —~372.7932 .0089  372.8022 5.00 0171 ~454.9315 0060  454.9374
10.00 1632 —186.3553 .0609 186.4162 10.00 1152 —227.4370 .0420 2274790
15.00 4395 —124.1401 1749 124.3150 15.00 3257 —-151.5544 1246 151.6790
20.00 8272 -92.9486 3523 93.3009 20.00 6447 - 113.5466 2596 113.8062
25.00 1.2785 ~74.1489 .5846 74.7336 25.00 1.0488 —90.6691 4456 91.1147
30.00 1.7459 —61.5387 8591 62.3978 30.00 1.5070 —75.3451 6767 76.0218
35.00 2.1940 —52.4656 1.1623 53.6280 35.00 1.9887 —-64.3319 9451 65.2770
40.00 2.6037 —45.6071 1.4825 47.0896 40.00 2.4689 -56.0117 1.2421 57.2538
45.00 < 29706 —40.2296 1.8108 42.0404 45.00 2.9300 —49.4880 1.5598 51.0478
50.00 3.3002 —35.8928 2.1411 38.0339 50.00 3.3629 —44.2243 1.8912 46.1155
60.00 3.8802 -29.3111 2.7954 32.1065 60.00 4.1389 —36.2269 2.5746 38.8015
70.00 4.3639 —24.5336 3.4314 27.9649 70.00 4.8202 —30.4108 3.2648 33.6755
80.00 4.7293 —20.8976 4.0389 24.9365 80.00 5.4338 —~25.9679 3.9492 29.9171
90.00 5.0765 —18.0309 4.6160 22.6469 90.00 5.9862 ~-22.4476 46216 = 27.0692
100.00 5.4239 ~15.7028 35.1688 20.8716 100.00 6.5079 —19.5780 5.2794 24.8575
110.00 5.77113 —13.7664 5.7020 19.4684 110.00 7.0128 —-17.1835 5.9235 23.1070
120.00 6.1186 —12.1238 6.2191 18.3429 120.00 7.5028 —15.1466 6.5548 21.7015
130.00 6.4655 —-10.7072 6.7226 17.4297 130.00 7.9801 —-13.3859 7.1743 20.5602
140.00 6.8119 —9.4682 7.2144 16.6826 140.00 8.4469 ~11.8431 7.7828 19.6259
150.00 7.1574 —-8.3713 7.6961 16.0675 150.00 8.9055 -10.4751 8.3813 - 18.8564
160.00 7.5020 —17.3900 8.1691 15.5591 160.00 9.3580 —9.2496 8.9705 18.2201
170.00 7.8453 —-6.5039 8.6342 15.1381 170.00 9.8067 —-8.1418 9.5513 17.6931
180.00 8.1873 —~5.6972 9.0923 14.7895 180.00 10.2538 ~-7.1323 10.1245 17.2568 .
190.00 8.5276 —-4.9575 9.5441 14.5016 190.00 10.7015 —6.2055 10.6909 16.8963
200.00 8.8660 —4.2748 9.9901 14.2649 200.00 11.1520 —5.3489 11.2512 16.6001
210.00 9.2024 —-3.6410 10.4308 14.0718 210.00 11.6075 ~-4.5523 11.8063 16.3586
220.00 9.5365 —3.0496 10.8667 13.9163 220.00 12.0702 —3.8073 12.3570 16.1642
230.00 9.8682 —2.4952 11.2979 13.7931 230.00 12.5423 ~3.1067 12.9039 16.0106
240.00 10.1972 -1.9732 11.7248 13.6980 240.00 13.0261 —2.4446 13.4479 15.8925
250.00 10.5232 —1.4798 12.1477 13.6275 250.00 13.5238 -1.8159 13.9896 15.8055
260.00 10.8462 -1.0119 12.5668 13.5787 260.00 14.0376 -1.2161 14.5300 15.7461
270.00 11.1658 —.5668 12.9821 13.5489 270.00 14.5696 —-.6413 15.0697 15.7111
280.00 11.4820 —-.1421 13.3939 13.5360 280.00 15.1221 —.0883 15.6095 15.6978

28345 11.5902 .0000 13.5352 13.5352 281.63 15.2143 .0000 15.6975 15.6975
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THERMODYNAMIC PROPERTIES OF AQUEOUS SULFURIC ACID SYSTEM

TasLE 11. Properties of H;S042H;0(s)

TABLE 12. Properties of H,SO,3H,0(s)

Standard state pressure is 0.1 MPa
= 0 K values are Cp/R, (H — Ey)/R, S/R, —(G — Ez)R

Standard state pressure is 0.1 MPa
At T = 0 K'values are Cp/R, (H — Eo)/R, SIR, —(G — Eg)/R

C/lR  (H — EQRT S/IR —(G — Eo)/RT TK Cs/R (H — Eo)RT SIR —(G — Eu)iF
0.0000  —1978.1517 0.0000 1978.1517 0.00 0.0000  —2561.3239 0.0000 25613239
0345 —395.6213 0122 395.6335 5.00 0363 ~512.2553 0128 5122681
2184 —197.7550 0822 197.8372 10.00 2336 —256.0685 0872 256.1557
5795 ~131.7082 2336 131.9418 15.00 6306 ~170.5736 2505 170.8241
1.0754 —98.5764 4657 99.0422 20.00 11912 -127.7052 5056 1282108
1.6416 —78.5901 7658 79.3559 25.00 1.8508 —101.8611 8410 1027021
2.2205 —65.1698 11164 662862 30.00 2.5462 ~84.5179 12398 85.7577
2.7754 —55.5025 15008  57.0034 35.00 32317 —72.0309 16841 737150
3.2926 —48.1851 19056  50.0907 40.00 3.8847 —62.5819 21587 647406
3.7761 —42.4382 2.3216 44.7598 45.00 4.5027 —55.1621 2.6322 57.8143
42373 ~37.1936 27435 405371 50.00 5.0957 —49.1658 31575 523233
51193 -30.7141 35949 343090 60.00 6.2514 —40.0256 41891 442146
5.9031 —255374 44447 299821 70.00 7.3490 -333348 52366 385714
6.6167 ~21.5629 52794  26.8423 80.00 8.2833 -28.1892 62808  34.4700
7.3062 ~18.3932 6.0989  24.4920 90.00 9.1391 —24.0888 73062 31.3950
7.9619 —15.7902 6.9029 22.6931 100.00 9.9548 ~20.7249 8.3117 29.0366
8.5882 —13.6022 76913 21.2935 110.00 10.7376 ~17.9000 92974 271974
9.1896 ~11.7278 84645 201923 120.00 11.4947 —154819 102643 257462
9.7706 —10.0963 92232 193195 130.00 12.2334 —133782 112136 245919
103358 ~8.6570 9.0680  18.6250 140.00 12.9608 —~11.5228 121469  23.6697
10.8895 -73723 107000  18.0723 150.00 13.6841 -9.8665 130658  22.9322
11.4362 ~62138 114203  17.6341 160.00 14.4105 ~83719 139721 223440
11.9805 —5.1596 12.1300 17.2895 170.00 15.1472 —17.0101 14.8677 21.8779
12.5269 41922 128302 17.0224 180.00 15.9014 -57583 157548  21.5131
13.0797 -32977 135223 168200 190.00 16.6803 ~4.5080 . 166353 212332
13.6436. 24648 142074 166723 200.00 17.4912 -35139 175113 21.0253
14.2229 ~1.6840 148871 165711 210.00 18.3411 -24936 183851 208787
14.8222 ~.9474 155625  16.5099 220.00 19.2374 - —15264 192588  20.7852
15.4460 —-2483 162350  16.4833 230.00 20.1872 -6032 201347  20.7379
15.6819 .0000 16.4814 16.4814 236.76 20.8632 .0000 20.7292 20.7292




TABLE 13. Properties of H,SO44H,0(s) TaBLE 14. Properties of H,SO46.5H,0(s)

Standard state pressure is 0.1 MPa Standard state pressure is 0.1 MPa
At T = 0 K values are Ce/R, (H — Eg)/R, S/IR, —(G — Eo)R At T = 0 K values are Cp/R, (H — Eg)/R, S/IR, —(G — Eg)/R
TK CelR (H — Eo)[RT S/IR —(G — Eo)RT TK CelR (H — Eo)RT S/IR —(G ~ Eo)RT
0.00 0.0000 —3183.2339 0.0000  3183.2339 0.00 0.0000 —3699.9215 0.0000  3699.9215
5.00 0577 —636.6316 0204 636.6521 5.00 .0602 —739.9686 0212 739.9898
10.00 3623 —318.2232 1370 3183602 10.00 .3896 —369.8858 1449 370.0308
15.00 9526 —211.9369 3868 212.3236 15.00 1.0578 —246.3584 4183 246.7766
20.00 1.7509 —158.6179 7665 159.3844 20.00 2.0086 —184.3903 8472 185.2375
25.00 2.6462 —126.4553 1.2526 127.7079 25.00 3.1340 —146.9999 1.4142 148.4141
30.00 3.5443 —104.8631 1.8149 106.6780 30.00 4.3236 —-121.8787 2.0904 123.9692
35.00 4.3904 —89.3151 2.4257 91.7408 35.00 5.4937 —103.7656 2.8454 106.6111
40.00 5.1702 -77.5525 3.0635 80.6160 40.00 6.5985 —90.0384 3.6520 93.6904
45.00 5.8988 —68.3203 3.7149 72.0352 45.00 7.6286 ~79.2431 4.4893 83.7324
50.00 6.6006 —60.8632 43729 65.2360 50.00 8.6008 —70.5069 5.3438 75.8507
60.00 7.9610 —49.5047 5.6978 - 552025 60.00 10.4783 —57.1654 7.0783 64.2438
70.00 9.1186 —41.2087 7.0161 48.2248 70.00 12.3210 47.3693 8.8331 56.2024
80.00 10.0411 —34.8596 8.2945 43.1541 80.00 13.9217 -39.8039 10.5872 50.3911
90.00 10.9322 —29.8209 9.5289 39.3498 90.00 15.2083 —-33.7619 12.3023 46.0642
100.00 11.7979 —25.7021 10.7257 36.4278 100.00 16.4620 —28.8021 13.96%6 42.7717
110.00 12.6421 —22.2545 11.8899 34.1444 110.00 17.7066 —24.6306 15.5971 40.2276
120.00 13.4689 —-19.3119 13.0255 323374 120.00 18.9449 —21.0508 17.1909 38.2417
130.00 14.2822 —16.7589 14.1358 30.8947 130.00 20.1795 —17.9267 18.7560 36.6828
140.00 15.0860 —14.5130 15.2237 29.7366 140.00 21.4131 —15.1608 20.2966 35.4574
150.00 15.8842 -12.5131 16.2917 28.8048 150.00 22.6484 —12.6814 21.8161 34.4975
160.00 16.6809 —10.7134 17.3423 28.0557 160.00 23.8881 —10.4346 23.3173 33.7519
170.00 17.4800 —9.0784 18.3775 27.4560 170.00 25.1349 —8.3790 24.8029 33.1819
180.00 18.2856 —7.5806 19.3994 26.9801 180.00 26.3915 ~6.4822 26.2751 32.7573
190.00 19.1015 —6.1978 20.4099 26.6077 190.00 27.6606 —-4.7187 27.7359 324546
200.00 19.9317 -4.9122 214107 26.3229 200.00 28.9449 —-3.0677 29.1873 32.2550
210.00 20.7803 —3.7090 22.4036 26.1126 210.00 30.2471 —1.5124 30.6310 32.1433
220.00 21.6511 —2.5762 23.3903 25.9665 220.00 31.5698 —.0388 32.0685 32.1073
230.00 22.5483 —1.5034 24.3724 25.8759 220.27 31.6058 .0000 32.1073 32.1073
240.00 23.4757 - .4820 25.3516 25.8336
244.88 23.9404 .0000 25.8288 25.8288
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THERMODYNAMIC PROPERTIES OF AQUEOUS SULFURIC ACID SYSTEM

TaBLE 15. Properties of H,O(s) — Quenched

Standard state pressure is 0.1 MPa
AtT =0 K values are Cp/R, (H — Eg)/R, S/IR, —(G — Ey)R

TX Cr/R  (H - Eg)RT S/IR —(G - Eo)RT
0.00 0.0000 —646.6996 04123  646.6996
5.00 0031 —129.3393 4131 1297523
10.00 0340 —64.6622 4222 65.0844
15.00 1153 —43.0847 A496 435343
20.00 2387 ~32.2699 4990 327689
25.00 3758 —25.7544 5670 263214
30.00 5029 —21.3886 6470 220356
35.00 6165 ~18.2530 7331 18.9862
40.00 7299 —15.8873 8228  16.7101
45.00 8493 ~14.0343 9156  14.9500
50.00 9425 ~12.5408 10105  13.5513
60.00 1.1549 -10.2757 12013 114770
70.00 1.3528 —8.6284 13044  10.0228
80.00 1.5383 —17.3691 1.5873 8.9563
90.00 1.7137 ~6.3695 1.7787 8.1482
100.00 1.8806 —55528 1.9679 7.5207
110.00 2.0410 —4.8697 2.1547 7.0244
120.00 2.1962 —4.2873 2.3390 6.6263
130.00 23478 —3.7827 2.5208 6.3035
140.00 24971 —3.3395 2.7003 6.0398
150.00 2.6451 —2.9454 2.8776 5.8231
160.00 2.7929 —2.5914 3.0530 5.6445
170.00 2.9412 —-2.2703 3.2268 5.4971
180.00 3.0907 -1.9767 3.3991 5.3758
190.00 32418 —1.7060 3.5703 5.2763
200.00 3.3950 —1.4548 3.7405 5.1952
210.00 3.5504 -1.2201 3.9099 51300
220.00 3.7081 —.9997 4.0787 5.0784
230.00 3.8680 -.7916 42470 5.0386
240.00 4.0297 —.5941 4.4150 5.0091
250.00 41929 — 4058 45828 4.9887
260.00 43570 ~.2258 47505 4.9763
270.00 45212 —.0530 49180 49710
273.15 45728 .0000 49707 49707
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