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46): C(graph),1.3e.u.; 0.5H,, 15.615e. u.; 0.5
Cly, 26.62 e. u.; 0.5 Bry, 16.3 e. u.; 0.5 I, 13.3
e. u.; and 0.5 Fy, 3448 e. u.®!

The molal free energies of formation of these
compounds from their elements appear in the
last column of the table. For the most part
the accuracy of these values was limited by the
accuracy of the combustion data employed, so
that they were valid to about 3 or 4.

The author wishes to express his appreciation

to Dr. F. D. Rossini for making available the
isomeric hexanes used in the work.

Summary

The construction and operation of a calorime-

(31) Lewis and Randall, “Thermodynamics and the Free Energy
of Chemical Substances,’”” McGraw-Hill Book Co., Tne., N, Y., 1923,
p. 464,
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ter suitable for determining specific heats
together with heats of transition and fusion of
organic compounds over the temperature range
100 to 320°K. has been described. The appa-
ratus possesses the advantage of not employing
a vacuum, and requiring only a 5- or 6-ml
sample.

The following compounds have beenn measured
by this method: toluene, carbon tetrachloride,
fluorobenzene, chlorobenzene, bromobenzene,
iodobenzene, and the five isomeric hexanes. Two
anomalies were brought to light. The specific
heat of n-hexane showed a “hump” in the liquid
state. The solid state of 2,2-dimethylbutane
showed a large heat of transition some 50° below
its melting point.
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The Fugacities in Gas Mixtures

By I. R. KRICHEVSKY

Much time will be required before the slowly
accumulating data on the P-1/-T relation of gas
mixtures of different composition will permit com-
puting the fugacity of the components of a gas
mixture in accordance with the thermodynamic
equation?

RTInfi = RTlnP + RTIn N, +

ﬁ (Tfi - -li—ff) P (1)

In this equation (1) fi—is the fugacity of the
component of the gas mixture, p—the total
pressure, N;—the mole fraction of the component
in the mixture and V;—the partial molal volume
of the component.

When solving thermodynamical problems deal-
ing with high pressure, we shall still have to use
for a long time approximate methods in com-
puting the fugacity in gas mixtures.

The best of all known approximative methods
is certainly the combination of constants in some
proved equation of state; for instance those of
Beattie-Bridgeman, Beattie? and Gillespie® have
acquired in this field considerable success, and it
is improbable that any other approximate method
could compete for accuracy with this one.

Among other methods the approximate method

(1) Gillespie, THis JOURNAL, 48, 28 (1926).

(2) Beattie, sbid., 51, 19 (1829); Beattie and Ykehara, Proc, Am.
Acad. Aris Sci,, 64, 127 (1930),

(3) Gillespie. Phys. Rev,, 84, 352 (1929).

of calculation of the fugacity in gas mixtures,
known as the Lewis—-Randall rule,* has been
adopted widely. This rule is quite simple and is
based, as Gillespie’ has shown, on the law es-
tablished by Amagat® with regard to the additive
property of volumes. Representing an exact
equation in the case of a component whose mole
fraction is insignificantly or, to be more exact,
infinitesimally differing from a unit, the rule of
Lewis-Randall did not withstand experimental
check,™® when applied to other concentrations.

Randall and Sosnick® in a very important
paper have pointed out the limitations of the
Lewis and Randall rule. ‘‘This latter rule has
been shown to hold as an approximation and as
a limiting law for gaseous solutions above the
critical temperature of the gases, and for a lim-
ited range of total pressure for the solute gas
below its critical temperature.”®

Apart from the Amagat law, other “laws’’ are
known for the determination of the P-V-T re-
lation in gas mixtures, such relations being known
for pure gases. For the determination of the

(4) Lewis and Randall, “Thermodynamics and the Free Energy
of Chemical Substances,” McGraw-Hill Book Co., Inc., New York,
1923.

(5) Gillespie, Phys. Rev., 34, 352, 1605 (1929).

(6) Amagat, Ann. chim. phys., [5] 18, 384 (1880); Compt. rend.,
127, 88 (1898).

(7) Merz and Whittaker, THis JoUur~aL, 50, 1522 (1928),

(8) Gibson and Sosnick, ibid., 48, 2172 (1927),

(9) Randall and Soenick, #bid., §0, 967 (1928),
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fugacity of gas mixtures these laws have not yet
been used.

Bartlett’s!® rule may be regarded as a modi-
fication of Dalton’s!! law on the additive proper-
ties of pressures: ‘‘At a constant temperature
the pressure exerted by one constituent in a gas
mixture equals the product of its mole fraction
and the pressure it would exert as a pure gas at
a molal concentration equal to the molal con-
centration of the mixture.”

In accordance with Bartlett's rule, the total
pressure of a gas mixture is represented by the
equation

P = PN, + PN, @)
where P, P} and P; are, respectively, the total
pressure of the gas mixture and the pressures of
pure components, all of them being taken of the
same molal volume.

In principle, Bartlett’s rule enables us to com-
pute the fugacity of the component of a gas
mixture. When using equation (2), we should be
able to calculate the volumes of a gas mixture at
different pressures and of different composition
and then, on the basis of these data, to find the
partial molal volumes of the component and, at
last, to compute in accordance with equation (1)
the fugacity of component. But such a method
would be too complex and rather inconvenient for
practical purposes. The problem consists in de-
ducing such an equation as would render it possi-
ble to compute quickly the fugacity in a gas
mixture subordinate to Bartlett’s rule.

Preliminarily we shall give a new aspect to the
well-known equation deduced for the fugacity of
a pure gas*

P
RTlnf=RT1nP+j;(V—Vid)dP 3)

where V is the molal volume of the gas and V4
the volume of the ideal gas. Integrating by parts,
we find that

v P
RTlnf=RT1nP+PV—RT—f PdV—j; ViadP

On the other hand we have

P
f ViadP = RTIn P — RT In P*
0
where P* is the infinitesimal pressure.

From Clapeyron’s equations it results that

RTIn P* = RTInRT — RTIn V,

where V., is the infinitely great volume. Hence

(10) Bartlett, Cupples and Tremearne, THIS JOURNAL, §0, 1275

(1928).
(11) Dalton, Gilberts Ann. Physik, 13, 385 (1802); 18, 1 (1803).
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RTInf=PV~-RIT-RTInV, +RTRT —

|4
deV
0

14
By adding and subtracting f P dV from the

right-hand part of this latter equation and by
simplifying it, we obtain the ultimate equation for
the fugacity of pure gas

RTInf=RTImRT — RTlnV + PV — RT —

14
L P~ P dv @

We may then proceed with the computation of
the fugacity in a gas mixture subordinate to
Bartlett’s rule.

By the method of intercepts the partial molal
volume of the component is provided by the
equation

T oV
VZ = V+ N1 (b—N—Z)P

7 being the molal volume of the gas mixture.
The differentiation of equation (2) at constant

pressure gives the relation

Q@V/oNy)p = (P} ~ P)(dV/OP)N,
Hence

Vi =V + N(P} — P)QV/0P)x,
By introducing the meaning of the partial molal
volume of the component in equation (1) and by
using the method applied in deducing equation
(4) we arrive at the following result
RTinfo=RTWRT — RTlaV 4+ PV — RT +

\4
RTIn N, - f [P — Ni(P® — PY) — PyldV

By expressing the total pressure of the gas mixture
in the latter equation according to Bartlett’s rule
and simplifying the equation, this latter will read
RTinfy=RTWRT — RTIlnV 4 PV — RT -

14 .

The addition and subtraction of P3V from the
right-hand part of the equation gives
RTInf,=RTInRT -~ RTWmV + P}V — RT -

fV(Pg — Pu)dV + RTIn Ny + (P — PV

The first five members of the right-hand part of
this equation simply represent the fugacity of the
pure component, determined at the same volume
as that of the gas mixture. Thus, finally
RTInfy/N:=RTInfo + (P — P)V (%)
We must once more point out that in equation
(5) the fugacity f; of the component in the mix-
ture, as well as the fugacity of the pure com-
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ponent f3, and the total pressure of the gas
mixture, P, as well as the pressure of the pure
component, Pj, apply to the same molal volume.

It is of importance to point out that equation
(5) is not confined to the case of a binary gas mix-
ture, but is also applicable to gas mixtures of any
composition whatsoever.

In the case of mixtures containing several
components the partial molal volume of a com-
ponent is given by the equation
Ve = V 4+ NiQ@V/ON)xs ni. vx + NsQ@V/ON)wy, i, vk

+ ... + NQ@VAN)y, ot (6)

The molal volume of the gas mixture and the
partial molal volumes of the components are
related to one another by the equation*

V=NV + NV: + NVs + ... NV, + M7, ™

By differentiating equation (7) in respect to
N at the expense of N; we arrive at

= = 1%
@V/ON)I v wve = Vo = Vo + M (ﬁ) o+
2/ Ns. Ni, Nk

DV2> (bek)
*\ON:/ wy. i wx + © \ON;/ ws wi vk

The equation of Gibbs-Duhem yields*

an,) (a?,) :
=1 Ny | — e
m (sz N1, Ni, Nk + N ON:/ wa, Wi Nk + +

ank)
m (22
L \om, N3, Ni. Nk

=0
Hence
QV/ ANy, vk = Vo — Vi
When using a similar method we get
(bV/bNZ)Nl- Ni, Nk = I_/z -V
@V/ON) Ny, ws, 3 = Vo = Vi
The substitution in equation (6) of the values
found for
QVAAN)Na v, vk -.. QV/ON)ny, N, 5
results in identity, which proves that this equation
is correct.
By Bartlett’s equation for multi-component
systems
P =P(1,N1 +P3N2 +PgNa+ e
we obtain
Q@V/dN2)ws, ni.vx = (P} — PYOV/oP
@VAON) . ns ni = (P) — P)RV/AP
We have thus for a partial molal volume of a com-
ponent ‘2" the equation
Ve =V + (NP — NP} + NiPy — NPy + ... +
N P) — N P)OV/OP
By substituting in equation (1) this value for
the partial molal volume of the component and

+ P)N; + PN
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by performing the operations mentioned above,
we once more arrive at equation (5).

Equation (5) we will name Bartlett’s rule.

Gibson and Sosnick’s® computations and also
those made by Merz and Whittaker” demonstrate
that values computed according to the Lewis—
Randall rule are not as good as those derived on
the basis of the exact equation (1).

We will now prove that the fugacity value
determined according to Bartlett’s rule must al-
ways be better than the one obtained by the
Lewis—-Randall rule.

As already mentioned above, f; in equation
(5) is the fugacity of a pure component, if the
volume is V and the pressure is, consequently,
P}, According to the Lewis-Randall rule f}
is the fugacity of a pure component at a pres-
sure P. The relationship between these two fu-
gacity values is expressed by the equation

P
RT h’lfg(P> = RT lnf‘z’(P‘b + ﬁo VdP
2

The right part of equation (5) differs from
RT In f}py inasmuch as (P—P}) v is not equal to

PVdP_

P

In the case of P being superior to Pj, the values

P
(P — P)) V and j;” VdP are positive. Inas-

much as the volume introduced in equation (5)
corresponds to the lower pressure Pj, this vol-
ume represents the maximum volume within the
pressure range from P3to P. Thus (P — Pj) v will

P
exceed ) VdPand the value of the fugacity deter-
Py

mined in accordance with Bartlett’s rule will ex-
ceed the one computed in accordance with the
Lewis-Randall rule. Inthe caseof P being smaller

P
than P, the values (P — Pj) Vandf VdP will be
P}

negative. In this case V already represents in
equation (5) the smallest volume within the pres-
sure range from P; to P and the absolute value of

P
(P — P}) V must be less than Lo VdP, In this

case the fugacity computed in accordance with
Bartlett's rule will also exceed the value of the
fugacity determined by the Lewis-Randall rule.

The rule of Bartlett has been checked by us
on the argon—ethylene® mixture, where the Lewis—
Randall rule yields very important errors.

The tests were made with solutions of ethylene
in argon, where N¢,g, = 0.0, 0.2, 0.4 and 0.6.
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The test for the first two concentrations was
made from 20 to 125 atm., the test for the third
to 110 atm., and for the last to 90 atm.

1.60 X Lewis—Ran-
/ dall rule
1.40 /
é- DBartlettrul
N artlettrule
<120 v L
1.004 YO\°\ =0 Equation(8)
0 50 100
" Pressure in atm.
Fig. 1.—~Nc,m, = 0.0.
Lewis—Ran-
140 / dall rule
k]
# =9 Bartlett rule
< /
3 .
1.00 %\_ Equation(8)
0 50 100
Pressure in atm.
Fig. 2—Ncz, = 0.2,
Lewis—Ran-
ﬂ dall rule
1.20 /
. /// )/5Bartlettrule
E
3
< 1.10

% ol

/ L,() Equation(8)
1.00 & >.Q\/

0 50
Pressure in atm.

Fig. 3.—Noc,m, = 0.4.

100

We were forced to diminish for the more con-
centrated solutions of ethylene the upper limit
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of pressure in order to avoid extrapolation of
P-V relation of argon, only known up to 125 atm.

As is to be seen from the curves reproduced
in Figs. 1-4, Bartlett’s rule gives much better re-
sults than the rule of Lewis~Randall.

Lewis—Ran-
dall rule
1.10
% £ |Bartlettrule
= 1.05
= /
1.00 o )Nc\
\O\O Equation(8)
0 50 100

Pressure in atm.
Fig. 4—Nc,m, = 0.6.

This was also confirmed by computing the
fugacity of hydrogen in nitrogen-hydrogen mix-
tures at 0° at pressures of 1000 atm.” (Fig. 5).

Lewis—Ran-
1.20 dall rule
) Bartlettrule
:
1.10
w3
=
/)Equation(S)
1.00 / >
0.0 0.5 1.0

Molal fraction of nitrogen.
Fig. 5—P = 1000 atm.

In computing the fugacity of gas mixtures by
Bartlett's rule the error arrived at generally
amounts to about half the error found when ap-
plying the Lewis—Randall rule. Still, the abso-
lute value of this error is rather considerable.
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Endeavoring to provide some more satisfac-
tory agreement, we have found that satisfactory
results are obtained when it is assumed that the
fugacity computed according to Bartlett’s rule
is the geometrical mean of the true fugacity and
the fugacity computed according to the Lewis—
Randall rule

fifs = faifLr. 8
where f is the true value of the fugacity, fy
the fugacity computed by Bartlett's rule and
fur, the one computed by the Lewis-Randall
rule.

Equivalent to equation (8) are the following
conditions: the volume of a gas mixture com-
puted by Bartlett’s rule is the arithmetical mean
from the true volume and the volume computed
according to the Amagat law

V—-Vg=1Vg =V,
where V is the true volume of the gas mixture,
Vg and V,, the volumes computed in accordance
with Bartlett’s and Amagat’s rules, respectively.

As is to be seen from Figs. 1-5, compared to the
rules of Lewis-Randall and Bartlett, the best
results are obtained from equation (8).

The error of calculation of fugacity in gas mix-
tures by equation (8) makes mostly 2 to 5% and
is often 10 times less than the error of the Lewis—
Randall rule.
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For ethylene and argon (Nem, = 0.2) Gilles-
pie,> by combination of constants, has found
better coincidence with the data of Gibson and
Sosnick.? The error of calculation of fugacity
was only 0.17%, from 15-70 atm.

Although the combination of constants is the
most exact of the approximate methods, never-
theless the methods proposed by us in view of
their simplicity and sufficient accuracy can have
scientific and engineering interest.

I am very indebted to J. S. Kasarnovsky for
his help in making the calculations.

Summary

Aun equation is deduced for the computation
of the fugacities i gas mixtures subordinate to
the Bartlett rule. The examples of the systems
argon-ethylene (to 125 atm.) and hydrogen-ni-
trogen (1000 atm.) prove that the Bartlett rule
gives half the error of the Lewis-Randall rule.

For these systems an agreement with errors
from 2 to 5%, with the true fugacity values is at-
tainable, if it be assumed that the fugacity com-
puted in accordance with Bartlett’s rule is the
geometrical mean of the true fugacity and the
fugacity computed in accordance with the Lewis-
Randall rule.
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NOTES

The Thermal Decomposition of Gaseous
Hydrogen Peroxide

By L. W. ELDER, JR.

In a recent note! commenting on the kinetics of
the thermal decomposition of gaseous hydrogen
peroxide, Kistiakowsky and Rosenberg have
erroneously concluded that the data published by
Elder and Rideal® correspond to a pressure in-
crease of ‘‘about 10009," instead of the theo-
retical 509,. This conclusion is apparently based
on the assumption that the pressure readings as
tabulated, e. g., page 548, are total pressures.
Actually these are manometer readings represent-
ing the pressure increase only, 7. e., based on a zero

(1) Kistiakowsky and Rosenberg, THis JoURNAL, 89, 422 (1937),
(2) Elder and Rideal, Trans. Faraday Soc., 38, 545 (1927).

setting of the manometer at the start of the reac-
tion. It is regretted that these pressures were
not more explicitly identified in the tabulation as
incremental pressures; however, this distinction
is clearly shown by the codrdinates of the curve
(Fig. 2). On the other hand, the figures shown
on page 547, involving total pressure readings,
lead to an average pressure increase of 52%,. This
is as close to theoretical as could be expected in
view of uncertainties regarding the initial concen-
trations after evacuating the charge at room
temperature. No attempt was made to keep the
initial concentrations at any predetermined value,
since the “‘infinity’’ readings were used in every
case for calculation of the rate constants.
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