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Al 16° K. = AF'p + T AS% 1°K. —

7 7
f AC, dT + Tf AC,dIn T
298.16 298.16

The free energy of reaction 1 may be calculated
from data of Carpenter and Jette,!® and Ishikawa
and Murooka.!! Carpenter and Jette measured
the dissociation pressure over CdSOsH,O(s) —
CdS0,-8/3H,0(s).  Ishikawa and Murooka meas-
ured the pressure of water vapor over satu-
rated solutions of cadmium sulfate hydrates, At
316.76°K., CdS0+8/3H,0 undergoes a transition
to a-CdSO4H,0, thus we may use I. and M.’s value
at the transition temperature.

The free energy of formation of CdSO,8/3H.0
from liquid water and CdSO,H:O is given by the
expression AFO = 5/3 RT In Pu.o(atm.).

The heat capacity and entropy of water were
based on spectroscopic data.’* H,O(g), S%us1c =
45.106. This was combined with the heat of va-
porization of Osborne, Stimson and Ginnings® and

TasLE VIII

HEeaT oF THE REactiON CdSO;-H,O(s) + 3/3H,O(g) =
CdS0;-8/3H.0(s) FrRoM THE THIRD Law OF THERMO-

DYNAMICS
TUnits are cal. mole™!
T T

7, T - f Acpde ACpdInT
°K. AFr Ref, AS20s.16 298.16 298.16 AHzss.17
208.15 —3719 C.and]J. —17027 0 0 — 20746
298.16 —38708 C. and J. —17028 0 0 — 20736
303.33 —3411 C.and J. —17323 —31 38 —20727
308.33 —3144 C. and J. —17608 —62 79 — 20736
313.28  —2871 C.and]J. —17831 — 94 115 — 20740
313,41 —2832 C.and]J. — 17899 — 95 116 — 20740
316.76 —2674 TI.and M. — 18080 —118 144 —20738
Av, from third law = —20738
Isothermal calorimetric measurement = — 20729

(10) C. D, Carpenter and E. R, Jette, TH1s Journat, 45, 578 (1923).

(11) 1. 1shikawa and H. Murooka, Bull. Insi. Phys. Chem. Res.
(T'okyo), 9, 781 (1933).

(12) “*Selected Values of Chemical Thermodynamic Properties,’”
Series TTT National Bureau of Standards, June 30, 1948,

E. W. HorNUNG AND W. F. GIAUQUE

Vol. 77

the vapor pressure and gas imperfection equations
of Keyes? to give HyO(1), S%s16 = 16.71.
CdS0,-8/3H;0, Spss = 54.89 cal. deg. ! mole~!
C(lSO4‘HQO, 5298.16 = 36.82 cal. deg._l mole ~1
CdSOy, Seesis = 29.41 cal. deg. ! mole™!

The results are sumimarized in Table VIII.

The lack of trend in the values of Affs6 in
Table VIIT supports the accuracy of the third law
values although the individual values deviate ap-
preciably from the average due to the limitations
of the dissociation pressure data. However, the
agreement of the calorimetric and third law values
of the heat of reaction within 9 cal. mole~! shows a
consistency in terms of entropy of 0.03 cal. deg.~!
mole~!

For the reaction

CdSO4(s) + H,O(g) = CdSO4H,0
AFY = RT In Pg,o(atm.)

there is only one observation due to Ishikawa and
Murooka!? who give
Pro = 0.62 mm. at 25°, AH® = AF° 4 TAS®
AHagsas = —4210 + 298.16 (36.82 — 29.4]1 — 45.11)
= —15451 cal. mole™!.

This is in satisfactory agreement with the more
reliable calorimetric value, —15,402 cal. mole~!,
especially considering that each 0.01 mm. error in
pH,0 represents 10 cal. mole~!.

The two third law agreements presented above
indicate that CdSQ,, CdSO,+H,0 and CdS048/3-
H.0 all approach zero entropy at limiting low tem-
peratures.

We thank E. W. Hornung, W. P. Cox and R. H.
Sherman for assistance with the low temperature
measureinents.

(18) F. Ishikawa and H. Murooka, Sci. Repts. Tokoku Imp. Univ.,
22, 138 (1933).
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The Vapor Pressure of Water Over Aqueous Sulfuric Acid at 25°!

By E. W. HorNUNG AND W. F. G1AUQUE
RECEIVED JANUARY 17, 1955

Dircet observations of the vapor pressure of water over H,SO,;-4H,0, H,80,-38H,0 and H,SO,-2H,0 have been made over a

range of temperatures above 25°.

been used to calculate accurate values of the partial pressure of water at 25°.

These results with available partial molal heat content and heat capacity data have

These results confirm the accuracy of the di-

rect pressure observations of Shankman and Gordon, and of Stokes, and reinforce the earlier conclusion of Stokes thzg.t
the cells H,, H,SQ4, PbSOs, POy, Pt and H,, H,SO,;, HgeSO4, Hg have not given accurate activities of water or of sulfuric

acid in the more corncentrated range.

In connection with our series of investigations on
the thermodynainics of the sulfuric acid~water sys-
tem, from 15 to 300°K., accurate data on the free
energy of dilution at 25° are essential. In much of
the range below 20 molal H,SO, the most effective
methods apprear to be either the direct measure-
ment of the vapor pressure of water over the solu-

(1) This work was supported in part by the Office of Naval Research,
United States Navy, and by the United States Atomic Energy Com-
mission,

tions, or measurements with some cell involving sul-
furic acid, e.g.

ngSO:; + H, = H2SO4(xm) + 2Hg

Both types of measurement have been made by
several observers. Results calculated from cell
measurements by means of the Duhem equation
fail to agree with the direct measurements within
the expected limits of error. Our problem was to
extend the data to a somewhat higher concentra-
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tion of sulfuric acid and to make some independent
checks on the discrepancies between the cell data
and the direct observations,

Cell measurements involve uncertainties as to
whether the reactions are as clean cut as they are
usually written but it is difficult to imagine any-
thing very obscure about a direct measurement of
the vapor pressure of water over a sulfuric acid
solution. In the latter case errors are almost cer-
tain to be of a very direct kind, such as erroneous
observation of pressure including contributions
from gaseous impurities. The pressure to be meas-
ured in the more concentrated part of the range
considered is rather small at 25° and small amounts
of dissolved gaseous impurities could make a sub-
stantial percentage error.

Since recent work in this Laboratory has made
available accurate values of the partial molal
heat contents, heat capacities and some informa-
tion concerning the temperature coefficient of the
partial molal heat capacities,? it seemed desirable
to make measurements at higher temperatures,
where the pressure is larger, and then calculate
values for 25°, The purpose of this procedure was
not entirely to have larger measured pressures, but
also to check for the presence of gases other than
water. If no gas except water contributes to the
pressure, a series of measurements over a tempera-
ture range, all calculated to 25°, should give agree-
ment. We found this to be an effective method of
disclosing the presence of gaseous impurities, and
we also found that such gases were not easily elimi-
nated.

Experimental Procedure

The measurements were made by means of a Société
Génévoise cathetometer and a mercury manometer, 16 mm.
in diam., attached to a vacuum jacketed gold calorimeter?
ordinarily used for heat capacity measurements. Pressure
observations were usually made in the order of increasing
temperature and sufficient stirring could be obtained by
heating with the lower half of the gold resistance thermome-
ter—heater. The calorimeter contained some 100 cc. of
solution and the amount of water required to fill the ma-
nometer volume had a relatively unimportant effect on the
acid concentration. Several measurements made after
cooling the sample checked those after heating to 0.01 mm.
We believe that measurements made after cooling are prob-
ably not as reliable because the cooling was slower and more
uniform. This produced less convection than the addition
of heat to the lower portion of the calorimeter.

The acid was solidified and pumped by means of a mercury
diffusion pump to remove foreign gases. In addition to air,
a probable gaseous impurity was helium, since this gas had
been used to ensure thermal conductivity in the calorimeter.
A series of vapor pressure measurements showed that the
values calculated for 25° became progressively lower as the
temperature increased. It was evident that even long con-
tinued pumping of the solid, and the cooled liquid, had not
removed all gaseous impurities. Five or six successive cool-
ing and pumping operations brought values at all tempera-
tures into good agreement. However, even after this treat-
ment, a very small residual amount of gaseous impurity
was determined by condensing the gas in the manometer
space by means of liquid nitrogen.

The sodium sulfate decahydrate point, taken as 32.380°,
was used as a temperature reference so that temperatures
were known to about 0.005° with respect to this reference.

The Experimental Data.—The observations are
given in Table I. Measurements at 4 = 2.999

(2) J. E. Kunzler and W. F. Giauque, THIS JoUrNaL, T4, 3472
(1952).

(8) W.F. Giauque and C. J. Egan. J. Chem. Phys., 5, 45 (1937).
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and 3.999, where 4 is the number of moles of water
per mole of sulfuric acid, agreed well with the direct
vapor pressure measurements of Shankman and
Gordon* at 25°, A series of measurements was
made at 4 = 2.001, to extend the results to the re-
gion where the freezing point data of Kunzler and
Giauque® enable the calculation of the activity of
water to be extended to more concentrated regions.

TABLE I
VAPOR PRESSURE OF WATER OVER H;SO. A H,0

P in international mm.

Obsd. Calced.

t, °C. Pt ft fas0 Paso
A = 3.999
23.17 4,252 4.251 4,789 4.790
24 .53 4.627 4.626 4.770 4.771
25.00 4.795 4,794 4.794 4.795
34.47 8.686 8.682 4,782 4.783
47.56 18.528 18.513 4.771 4.772
Accepted 4.778 4.779
S. and G.4 interpolated 4.790
A = 2,999
27 .67 2.821 2.821 2.361 2.361
28.18 3.102 3.101 2.348 2.348
34.72 4,443 4.442 2.355 2.355
44 .51 8.061 8.058 2.353 2.353
54.07 13.895 13.887 2.353 2.353
Accepted 2.353 2.353
S. and G.*interpolated 2.358
A = 2,001
25.00 0.618 0.618 0.618 0.618
42.05 1.980 1.980 .618 618
52.78 3.878 3.877 .621 .621
63.09 7.027 7.025 .616 .616
71.84 11.316 11.312 615 615
Accepted 617 617

Each of the observations in Table I is the aver-
age of a series of measurements. The accepted val-
ues for 25° were obtained by averaging each of the
several values weighted in accordance with the to-
tal pressure measured, thus the values actually
measured near 25° had little weight. Harned and
Hamer® carried out careful investigations of the
two cells

H,, H:SOuxm), PbSO,, PbO,, Pt (1)
and
H;, HaSOu(xm), Hg2SOs, Hg (2)

Cell 1 was investigated up to 7 molal and cell 2
to 17.5 molal. Both were studied over a range of
temperature and all of the results were in good
agreement with respect to the changing activity of
sulfuric acid over the common range of concentra-
tion. Thus both cells were also in agreement with
respect to the activity of water. Shankman and
Gordon? called attention to the discrepancy be-
tween their direct observations and those of Harned
and Hamer.®! Stokes’ brought NaOH solutions at

(4) F. Shankman and A, R. Gordon, Tuis Journar, 61, 2370
(1939).

(5) J. E. Kunzler and W. F. Giauque, ibid., 72, 5271 (1952).

(6) H. S. Harned and W. J. Hamer, bid., 57, 27 (1935).
(7) R. H. Stokes, ¢bid., 69, 1291 (1947).
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25 into equilibriun with water vapor from water
thermostated at lower temperatures. He com-
pared the NaOH solutions with aqueous H,SO4 by
accurate isopiestic observations and then calcu-
Igted values for the latter solutions. His Fig. 2
gives an excellent comparison of his results with
those of earlier experimenters. Stokes’ vapor pres-
sure data, which extend from about 3 to 11 nolal,
closely parallel a curve through the results of Shank-
man and Gordon, and are about 0.259] higher.
On the basis of more recent values® for the vapor
pressure of water, Stokes’ results should be lowered
by about 0.19, above 5 M4, thus bringing him into
closer agreement with Shankman and Gordon. Ac-
cepting the more extensive range of S. and G. as a
reference the results of H. and H. are 39, high at 12
M, agree at 9 M, and are about 19, low at 6 3.
The results of the present work at 4 = 3.999
(13.88 MYyand 4 = 2.999 (18.51 M) are about 0.29,
below those of Shankman and Gordon.

Stokes felt forced to conclude that the results of
cells 1 and 2 were not giving the correct activities
of water which also implies that they do not give
the correct activities of sulfuric acid. We feel
obliged to reach a similar conclusion. The manner
in which the activity of water obtained from the
cell data crosses over the other data at 9/ elimi-
nates integration of the Duhem equation from the
reference state of pure water as a possible explana-
tion. Stokes points out that the He>SO, and Pb-
S04, PbO, electrodes would have to produce identi-
cal effects with varving H,SO; concentration over
their common range if these electrodes are to be
held responsible; thus he considers this source un-
likely. The hydrogen electrode occurs in common
and thus is more open to suspicion.

Randall and Cushman® who investigated cell 2
wondered concerning the reduction of H,SOy by
means of H, on the platinum surface. They passed
exit hydrogen through 0.01 3 I, solution but found
no evidence of SO,. Harned and Hamer state
that they confirmed this test. This still leaves some
question as to whether the tests were sensitive
enouch to disclose all effects resulting from such a
possible reduction on the electrode surface.

The small differences between the present results
and those of Shankman and Gordon are believed to
be within the limitations of their analytical accu-
racy. The various researches on sulfuric acid solu-
tions in prosrress in this laboratory have included a
very necessary advance in the accuracy of sulfuric

(8) F. G. Keyes, J. Chem. Phys., 15, 602 (1947).

(9) M. Randall and O. E. Cushman, THIS JOURNAL,
(1918).
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acid standardization.!® This can now be done with
an accuracy of several thousandths of a per cent.
and the accuracy in connection with the present
results should be well within 0.019, as an upper
limit in an absolute sense,

Shankman and Gordon state that their internal
consistency with a Na;CO; (from NaHCO;) refer-
ence was 0.039;. Even if the Na,CO; standard
could be accepted, the 0.039% in their analyses
could explain the difference between their values
and the present results. The effect of 0.03% leads to
S. and G. (interpolated) 4.790 =%+ 0.013 as against
the present value 4.779 at 4 = 3.999. The cor-
responding values for 4 = 2,999 are S. and G. (in-
terpolated) 2.358 £ 0.012 as against the present re-
sult of 2.353. Although the deviation between the
present results and those of Shankman and Gordon
can be explained by their analytical limitations we
cannot claim an accuracy better than the observed
difference. Possible errors in the partial molal heat
data plus lack of stirring could produce the ob-
served 0.29, difference in the partial pressures.
Stokes does not discuss the absolute accuracy of his
acid analyses even though accuracy to some hun-
dredths of a per cent. is unusual, and in this case
important.

In determining the activity of water in aqueous
H,S0; we accept the present result at 4 = 2, the
average between the present results and Shankman
and Gordon at 4 = 3to 4 = 4. At values of 4
greater than 4, where the analytical accuracy be-
comes of less importance the average of Shankman
and Gordon and the corrected values of Stokes
seems to be the best choice to 2 mnolal.

It should be remarked that the above conclusions
reached with respect to the cell data are restricted
to the region of relatively concentrated sulfuric
acid. Harned and Hamer® state that activities
calculated from freezing point lowering data in
more dilute sulfuric acid solutions agree well with
the cell data.

The extension of the activity of water to 4 = 2
will be used as a connecting link to the freezing
point data at high concentrations of H,S0O4. These
data will permit the determination of the activity
of water in concentrations up to anhydrous sulfuric
acid.

Smoothed data over the range to anhydrous sul-
furic acid will be given in a later paper summarizing
the various thermodynamic properties of acqueous
sulfuric acid.
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(10) J. E. Kunzler, Anal. Chem., 25, 93 (1953).



