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Vapor Pressure of Aluminum Chloride Systems. 3. Vapor Pressure
of Aluminum Chloride-Sodium Chloride Melts

John T. Viola, Lowell A. King,” Armand A. Fannin, Jr., and David W. Seegmiller
Frank J. Seiler Research Laboratory (Air Force Systems Command) and Department of Chemistry and Biological Sciences,

United States Air Force Academy, Colorado 80840

The vapor pressures of liquid aluminum chloride-sodium
chloride mixtures containing $3-74 mol % aluminum
chloride were measured from the condensation
temperatures of solid aluminum chioride to 251 °C.
Samples were contained in Pyrex isoteniscopes which
utilized mercury as the manometric fluid. The mercury
columns were brought to null by an external pressure
which was In turn measured at each experimental point.
The experimental pressures were fit to a single equation
which serves the entire composition-temperature region.

We measured the vapor pressure of aluminum chloride—
sodium chloride molten mixtures as part of our continuing in-
vestigation of low-melting molten salt battery electrolytes.
Previously reported vapor pressures of this system (2, 3, 5,
6) are in disagreement by more than an order of magnitude.

Experimental Section

Preparation of the AICl;, the glovebox atmosphere, loading
of the isoteniscope, the constant temperature bath and its
temperature regulation and measurement, and the measurement
of vapor pressure were all as described previously (70). A
mercury manometer was used as an additional external pressure
measurement device.

Powdered mixtures of AIC!; and NaCl were loaded into a Pyrex
isoteniscope similar to that used for saturated AICl; vapor
pressures (710). NaCl was dried by maintaining it molten for
several hours (7). The AICI;—NaCl mixtures were prepared by
grinding and mixing weighed amounts of AICl; crystals with
weighed amounts of dry NaCl crystals in a glovebox.

Resuits

A total of 227 measurements on 12 different compositions
were taken at values of moie fraction and temperature that lay
within a polygon on the X,tplane described approximately by
the coordinates (X, t) = (0.54, 149), (0.58, 106), (0.61, 103),
(0.70, 175), (0.74, 182), (0.74, 251), and (0.54, 251). Pressure
measurements were made at both ascending and descending
temperature steps, and equilibrium was assured at each point
by maintaining constant temperature for many minutes until
pressure remained constant within measurement error. The
samples were stirred by vigorous shaking before each mea-

surement to prevent the formation of internal concentration
gradients.

The data are given in Table I. Pressures have been corrected
for the vapor pressure of mercury within the isoteniscope.
Interactions between Al,Clg vapor and Hg vapor were assumed
to be negligible. The measurement method for each datum is
indicated in the table. Several additional measurements were
made at temperatures lying below the Xt polygon for each of
the eight compositions richest in AICl;. These pressures lay on
the curve of saturated vapor pressure of solid AICI; ( 70), and
fell distinctly away from the X,p, T surface for AlCl,—NaCl melts.

We assumed the vapor pressure of AICI;—~NaCl melts could
be represented by an equation of the form

logp=(4/T)+ B (1)
where

A=Ay +A X + A,X°
B=B,+ B X + B,X*

The vapor pressures of individual compositions were fit by other
investigators to equations of the form of eq 1 (3, 5, 6) or eq
1 modified by the addition to the right-hand side of the term
AC,/Rlog T(1, 2).

The data were least-squares fit in such a way as to minimize
the perpendicular distance, z, from the experimental points to
the function surface in X, p, and T given by eq 1 and 2. This
procedure is similar to the fitting technique used earlier ( 70).
The equations were solved for the values of A, and B, which
minimized the sum, 3_,-,"z;2 where

B 5pi 2 5T 2)-172
(@)

In eq 3, dp; = the greater of 0.1 Torr or 0.005 p, 6T = 1
K, Ap/ = Peoxp,i = exp[(A,-/ Taxp,i+ Bl) In (10)]v and ATI = 7.e)(p,l
- A/(I0g Pey,i— B). As indicated in eq 2, Aand Bare functions
of X. Since there was an appreciable vapor space in the
isoteniscope (ca. 85 cm®), the true mole fraction, x, of the melt
will be different for each experimental point, depending upon
the nominal mole fraction, X, and upon temperature. Ac-
cordingly, for every experimental point

Ai =A0 + Alx,- + Azx,-z
Bi = BO + B]Xi + Ble'z

@)

@
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Table I. Experimental Data
t °C p,% Torr t°C p,% Torr t °C p,% Torr t, °C p,% Torr t, °C p,% Torr t,°C  p2Torr
X=0.53790 242.26 31.35H 188.25 33.99 226.27 188.68 196.37 159.86 H 230.96 674.34
158.28 3.67TM 24226 33.14 189.66 3493 H 231.94 205.07 196.37 162.39 249.68 914.98
158.28 4.33H 250.59 3099 H 189.66 35.53 237.23  224.53 204.16 209.38H  250.95 931.64
190.33 8.52M 250.59 32.70 222.84 79.45 H 242,75 238.63 204.16 211.83 X=0.69277
190.33 7.97 222.84 81.05 250.90 265.59 206.99 186.25H o
X=0.55513 166.19 322.59
217.83 12.79 H 244.87 109.91 H 206.99 19141
142,21 2.64 M X=10.626177 171.93 380.53
217.83 12.13 244.87 113.38 209.63 201.75H
142,21 4.03 H 247.65 115.87 H 137.00 21,14 H 209.63  208.17 176.47 422.99
X=0.542 50 142.27 2.86 M 247'65 119'29 137.00 22.04 M 21 0'01 202'17 H 183.69 506.47
144.79 3.23H 142,27 390H 247'67 114'53 H 137.05 21.16 210'01 209'20 190.66 591.83
144.79 3.30M 152.07 4,68 H 247l67 115‘78 H 148.31 32.59H 224'30 284.72 201.35 735.97
144,79 2.59 152.26 486 H 247‘67 117'90 148.31 32.50 234.38 343'94 212.22 907.08
155.58 3.16 M 153.06 479M 247.67 119'21 162.05 5040 H 256-55 506.30 221.97 1076.42
155.58 3.13H 153.06 496 H 247'70 113'53 H 162.05 51.04 ' ’ 231.04 1255.05
155.58 3.29 163.70 641 M 247'70 116.64 166.53 54.35H X=0.65904 237.21 1385.44
155.87 442M 163.70 6.43 H ’ ’ 166.53 56.70 155.61 11477H 250.21 1675.66
155.87 438 H 169.21 6.50H X =0.609 77 173.06 71.21H 155.61 117.53 X =0.702 55
155.87 3.37 169.21 7.11 M 134.86 12,39 M 173.06 72.61 17772  199.88 H 174 6_7 ' 470.55
182.34 6.00 M 179.69 8.86 H 134.86 12.84 185.66 98.60 H 177.72  205.24 183.22 573'93
182.34 6.62 H 179.69 9.14 M 139.73 14.54 M 185.66 98.53 193.58 295.20 192.82 698.04
182.34 7.32H 186.49 10.64 H 139.73 14.81 198.48 136.68H 209.87 395.03 201l36 835.45
182.34 7.80 M 186.49 11.34 M 144,91 17.70 H 198.48 140.69 212.21 408.33 209'66 976.29
182.34 6.26 194.50 13.14 H 144,91 18.19 M 210.15 175,69 H 22592 533.74 : ’
182.34 7.72 202.75 16.04 H 14491 18.70 210.15 185.43 226.22 508.17 X=0.739 29
190.41 10.28 H X=058062 150.12 21,64 H 224,48 247.37 226.33  529.68 182.02 934.82
190.41 10.68 M 105 6—7 : 226 M 150.12 22,75 M 236.39 305.04 240.06 669.23 189.20 1122.00
190.41 9.65 105-67 2'11 150.12 22.78 250.89 396.51 242.59 675.56 190.31 1146.63
195.93 981 H 127'55 S.IOM 155.74 26.00 H X =0.630 46 250.84  799.90 197.83 1336.35
195.93 10.97 M : ' 155.74 27.56 : 250.98 800.52 204.09 1524.16
127.55 4.74 134.17 26.76 H
195.93 9.94 163.35 3340 H N 211.59 1748.73
128.95 5.13M 134.17 26.75 X = 0.660 36
199.10 12.01 H 171.69 4426 H 22599  2254.49
128.95 5.03 151.03 4483 H 153.55 102,90 H
199.10 12.12 179.55 5589 H 226.61  2294.22
150.05 9.40 H 151.03 45.38 153.55 104.10
209.33 14.86 H 187.95 71.90 H 230.85 2478.87
150.05 9.56 M 152.39 44,11 H 157.88 118.12 H
209.33 15.12 196.40 90.26 H 23946  2825.83
160.07 1398 M 152.39 47.74 157.88 118.89
220.61 20.53 H 204.32 110.78 H 239.54 2846.17
160.07 14.30 H 166.95 72.58 H 174.16 187.30 H
220.61 20.68 212.49 134,75 H 239.62  2829.08
160.07 14.17 166.95 74.44 174.16  192.13
225.85 21.63H 212.49 137.08 245.17  3089.51
183.10 28.87H 179.71 97.30 H 180.13 229.65
225.85 22.42 220.72 163.42 H 246.00 3113.01
183.10 28.54 179.71 98.86 195.82  341.97
237.59 2593 H 188.25 3391 H 220.72 167.36 1 14 H 250.89  3353.37
237.59  27.09 : SLH - 957627 18289 18238 108 204.20 40104 S0 335508
182.58 109.87 222,71  583.06 ' :

% The symbols ““H” and “M” indicate the use of a mercury manometer and a McLeod gauge, respectively, for pressure measurement; all

other pressure measurements were made with a capacitance manometer.

The van der Waals equation obtained previously (9) was
solved for the number of moles of Al,Clg in the vapor phase at
each experimental point, and the nominal mole fractions were
corrected to obtain x;. The equation is cubic in the number of
vapor-phase moles and was solved by the Newton-Raphson
technique. The solution was iterated until x;did not change more
than one part in 1000. (Actually, only a single application of
the Newton-Raphson technique was necessary for all points
except the ten highest temperature data of the sample for which
X = 0.73929.) Mole fraction corrections ranged from -0.000 01
to -0.008. Many of the corrections were very small but were
included because all were in the same direction.

The least-squares fit was iterative. After each iteration, any
points for which z 2 3¢ were eliminated and the remaining data
were fit in the next iteration. The standard deviation, ¢, was
calculated from

N
0= [(1/N)Z 2]

i=1
Iterations were continued until

2 IETU_; gprevious iteration){ <1.0X 1077 (5)
Previous iteration

The values of A and B, for eq 1 and 2 which are given in Table
Il are those obtained when the criterion of eq 5 was first
satisfied. Seven of the original 227 points were more than 3¢
away from the calculated X,p, T surface. These do not appear

Table II. Least-Squares Fit Parameters for Equations 1 and 2
A, =6064.90 Sp=1.4Torr
A, =-29406.3 $'p=25%
A, =25360.7 sp=3.1K
B, =-262772 s'p=0.65%
B, =100.6062
B,=-75.1432

in Table I. The root mean square value of the quantity |z - true
perpendicular|/(true perpendicular) was 0.008. The root mean
square percentage errors in pressure and temperature for all
points were 2.5 and 0.65%, respectively. The surface generated
by eq 1 and 2 is shown in Figure 1.

In addition to the 12 samples described above, two more
AICl;—-NaCl melts were examined, for which the nominal mole
fractions were 0.896 and 0.925. We noted the same separation
into two phases which Kendalil et al. (4) reported for X > 0.82.
The pressures of these two samples were the same as the
pressures of saturated liquid AICI; ( 70) at the same temperatures
over the temperature range 184-238 °C, with a root mean
square pressure difference of 1.5%.

Discussion

Remarkable discrepancies among reported AlCI;-NaCl melt
vapor pressures exist in the literature. Naryshkin (6) reported
vapor pressures smaller than are reported in the present work
at the same temperatures and compositions by factors ranging
from 2 to 17. Galitskii's vapor pressures (3) are as much as
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Figure 1. X, log p, 1/ T surface for vapor pressure over AlCl;~-NaCl
liquid mixtures. Points are calculated from eq 1 and 2: -, density within
X, trange experimentally covered; +, extrapolated values. For clarity,
surface is extrapolated to intersect faces of cube.

70-fold smaller! Dewing (2) studied four compositions in the
range X = 0.54-0.66. His apparatus utilized an internal ma-
nometer wherein the AiCi;—NaCl melt itself was the manometric
fluid. His results are depicted graphically only, but Davey et al.
(7) calculated vapor pressure equations of the form

logp=ACG,/RlogT+A/T+B

from Dewing's results. These values agree reasonably well with
the present work; the differences range from -1 to -4% for
one composition and from 12 to —21% overall. Davey et al.
(7) also gave the unpublished results of Rogers (8), who in-
vestigated five compositions in the composition range X =
0.53-0.69. Rogers’ pressures match both those obtained in this
study and Dewing's but show more scatter and yield both higher
and lower pressures than either of the two other studies.

The most complete study previously reported, both in numbers
of samples, 7, and in composition range, X = 0.54-0.75, is that
of Narita et al. (§). They used an isoteniscope with mercury
as the manometric fluid. Their results are lower than those of
Dewing (2), Rogers (8), and the present work by a factor of
2-5,

No readily obvious reason has been suggested for the great
discrepancies noted among the several studies reported.
However, AICl;-containing melts are notoriously difficult to obtain
and keep free from contamination, and most likely contaminants
would reduce the vapor pressure. An exception to this is the
presence of dissolved gases. Both Dewing (2) and Narita et
al. (5) have commented on the presence of a residual gas
pressure once a melt had been heated to well above its melting
point then cooled to some lower temperature. Narita et al. were
able to pump out the residual gas. Dewing corrected for its
presence by assuming the residual gas partial pressure was
governed by the ideal gas law. We pumped out the residual gas,
but first froze the sample and cobled it to room temperature
to avoid removing any AICl; at the same time. Initial residual
pressures varied from a few Torr to around 100 Torr. We would
repeatedly remelt and refreeze each sample until the residual
pressure was undetectably small. The residual gas from two
samples was analyzed mass spectrometrically. One sample
was essentially all HC! and the other contained in addition a small
amount of N,.

The volatility correction referred to earlier was not mentioned
by the other investigators. The correction may be rather
substantial at high Tand X. For example, the vapor pressure
of the last point in Table ! is 12% lower than the calculated
vapor pressure of a sample whose composition is actually at
the nominal value, X = 0.739 29. It is not possible to tell from
the information furnished whether volatilization errors were large
in the previously published studies, or even if they contributed
to the much smaller pressures observed by Galitskii (3), Narita
et al. (5), and Naryshkin (6).

The study presented here is the most extensive reported on
this system, both in regard to the number of measurements
made in the temperature—composition range investigated and
in the numerical evaluation. A detailed thermodynamic analysis
of the data presented in this paper will be made in a forthcoming
publication in conjunction with another study on the AiCl;-NaCl
system.

Glossary

A fitted constant

B fitted constant

c, heat capacity at constant pressure, cal mol~' K-

i index

J index

In natural logarithm

log logarithm to the base 10

N the total number of experimental points used in fitting
pressure, Torr

R gas constant, 1.987 cal mol~' K-'

5, root mean square of the differences between ex-

perimental pressure and pressure at the corre-
sponding intersection of the perpendicular to the
chord, Torr

root mean square of 100 X the difference between

experimental pressure and pressure at the cor-
responding intersection of the perpendicular to the
chord, divided by experimental pressure, %

St root mean square of the differences between ex-
perimental temperature and temperature at the
corresponding intersection of the perpendicular to
the chord, K

s’y root mean square of 100 X the difference between
experimental temperature and temperature at the
corresponding intersection of the perpendicular to
the chord, divided by experimental temperature,

%

! temperature, °C

T temperature, K

x apparent mole fraction of AIC!; on AICl;—NaCl scale
after volatility correction

X nominal apparent mole fraction of AlCl; on AlCl;—~
NaCl scale

z perpendicular distance to chord along equation;
function to be treated by least-squares fitting

J4 the greater of 0.1 Torr or 0.5% p; estimated un-
certainty in pressure measurement

6T 1 K; estimated uncertainty in temperatures of sample

a standard deviation
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Enthalpies of Combustion, Vaporization, and Formation of
Phenylbenzene, Cyclohexylbenzene, and Cyclohexyicyclohexane;
Enthalpy of Hydrogenation of Certain Aromatic Systems

Robert L. Montgomery and Frederick D. Rossini*

Department of Chemistry, Rice University, Houston, Texas 77001

Margret Mansson
Chemical Center, University of Lund, S-220 07, Lund, Sweden

The enthalples of combustion and vaporization were
measured. Standard enthalpies of formation at 298.15 K
were calculated as follows, in kcaly, mol™': for
phenylbenzene, crystal 23.12 £ 0.62, hypotheticat liquid
27.10 £ 0.63, gas 42.66 X 0.62; for phenylcyclohexane,
liquid -18.9 £ 1.34, gas -4.60 £ 1.35; for
cyclohexylcyclohexane, liquid -66.05 + 0.74, gas -52.19
% 0.74. Analysis of these and earlier data shows that,
within the assigned limits of uncertainty, the standard
enthalpy of complete hydrogenation, in the gaseous state
at 298.15 K, may be taken as (-15.88 £ 0.13) kcal,,/mol
of H,, for the following aromatic systems: naphthalene,
phenylbenzene, phenyicyclohexane, and n-butylbenzene.
This quantity may be useful in helping to estimate the
enthalpy of hydrogenation of coal.

1. Introduction

This investigation is an extension of the experimental work
on the relation between energy and molecular structure of
hydrocarbons in which the senior author (F.D.R.) has been
engaged for many years (20). With the availability of highly
purified samples of phenylbenzene (diphenyl), cyclohexylbenzene
(phenylcyclohexane), and cyclohexylcyclohexane (bicyclohexyl),
it seemed desirable to confirm previously reported values of their
standard enthalpies of combustion and obtain new values of their
enthalpies of vaporization. Also, by having measurements on
all three compounds made at the same time, in the same
laboratory, by one investigator, and thus eliminating unknown
systematic errors between them, one can obtain reliable values

of the relevant enthalpies of hydrogenation for both the gaseous
and liquid states.

The combustion experiments on the three compounds were
performed in the Thermochemical Laboratory at Rice University
and the vaporization experiments at the University of Lund.

The values of the atomic weights used were as follows (6):
C, 12.011; H, 1.0079. These yield the following molecular
weights: phenylbenzene, CyH,0, 154.2110; cyclohexylbenzene,
Ci2Hye, 160.2584; cyclohexylcyclohexane, Cy;H;,, 166.3058.

2. Experimental Section

Materlals. The materials used were American Petroleum
Institute standard samples (purchased from the American
Petroleum Institute Office of Standard Reference Materials,
Carnegie-Mellon University, Pittsburgh, Pa.) having certified mole
percentage impurities as follows: phenylbenzene, 0.02 £ 0.02;
cyclohexylbenzene, 0.07 £ 0.05; cyclohexylcyclohexane, 0.023
=+ 0.008.

Emthalpy of Combustion. The apparatus and procedures used
in these experiments were essentially as previously reported (7,
8), with the bomb combustion apparatus having been assembled
by Margrave and associates ( 70). The symbols used are the
same as in the preceding reports (7, 8).

Fuse wire, Chromel C, was used as in the preceding in-
vestigation (8). The values used for determining the energy of
ignition and the energy of combustion of the polyester (Mylar)
were the same as before (8). The value used for the polyester
(Mylar) was checked, satisfactorily, by a single experiment, in
which enough polyester (Mylar) was burned to produce a
temperature rise near 2 K.

Table 1. Results of Five Experiments to Determine ¢4, the Energy Equivalent of the Standard Calorimeter System at 298.15 K

10%u/K

mpa/g 10%/s7! min™! At/K

Atg/K

Ae/] K? anll qi/1 e/I K

1.14659-1.16788 3.32-3.59 0.93-4.47 1.9993-2.0372 1.99105-2.02800 19.37-19.40 3.36-4.07 59.49-76.78 15238.36-15243.26

1.15669% 2.0176° 2.008574

@ Mean value. Y Standard deviation of the mean: +0.93.

19.38¢ 3.64¢ 72.12¢ 15241.43%0
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