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This work has resulted in new thermodynamic tables that have
an expanded range based on sound experimental data.
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Glossary
A-F constants in vapor pressure equation
Ay, Bg, constants in liquid density equation
C,, Dy
A, B, C,, constants in P-V-T equation
b
A~E, constants in heat capacity equation
Cr ideal heat capacity of gas btu/(lb/mo! °R)
De, critical density Ib/ft?
H enthalpy, btu/Ib
K constant in P-V-T equation

absolute pressure Ib/in.?
gas constant

entropy

absolute temperature, °R
critical temperature, °R
volume, ft%/Ib
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The pressures and volumes of unsaturated, gaseous
samples of aluminum chioride were measured from 167 to
277 °C. The samples were contained in a
varlable-volume Pyrex isoteniscope 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
values of temperature, pressure, and volume were fit to a
van der Waals equation of state, giving a = 4.285 X 10"
cm® Torr mol2 and b = 178.9 cm® mol™".

As part of an investigation of certain low-melting, molten salt
electrolytes for high-energy density batteries, we needed to know
the vapor density and vapor pressure of aluminum chloride. We
have made these measurements for aluminum chloride vapor
in equilibrium with the liquid or solid (4, 6, 8). Only a few
measurements have been made on unsaturated gaseous
aluminum chloride (2, 7, 9); these were concerned with de-
termining the dissociation constant for the reaction Al,Clg(g) =
2AICl;(g) and were made at higher temperatures than were of
interest in the present work.

Experimental Section

Crystals of aluminum chloride were loaded into the Pyrex
isoteniscope shown in Figure 1. Preparation of the aluminum
chloride, loading of the isoteniscope, and the constant tem-
perature bath and its temperature regulation and measurement

were all as described previously (8). Sample pressures were
also determined as before (8), but the external pressures were
read by the capacitance manometer only in the present work.

Five samples of Al,Cl; were used. The masses of samples
I through V were 0.2512, 0.5790, 0.5978, 0.7499, and 1.0430
g, respectively. Estimated uncertainty in mass was £0.0002
g. It was necessary to know not only the gas volume above
each index mark on the bulb but also the total amount of mercury
below each index mark, including the mercury in the two side
arms. Additionally, the volume changes per unit length for the
center compartment in the vicinity of each index mark and for
the left-hand side arm were required. These volume calibrations
were made by recording heights and weighing the apparatus
when it contained varying amounts of water or mercury. These
calibration data are given in Table I.

Measurements were made according to the following pro-
cedure. The evacuated isoteniscope (without mercury) and
sample crystal were manipulated so that the crystal rested on
the sample shelf. The isoteniscope was then immersed in a
room temperature bath and connected to the pressure mea-
surement device. Enough mercury was introduced to block the
entrance to the middle compartment, and the bath was warmed
to the desired beginning temperature. It was necessary to add
mercury from time to time as the Al,Clg pressure increased. At
the measurement temperature, internal pressure was sufficient
to maintain a continuous column of mercury from the inner bulb
to the stopcock at the mercury reservoir. The initial mea-
surement was made on each sample by carefully admitting just
enough mercury to cause the mercury columns to be at the
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Table I. Calibration Data?

Journal of Chemical and Engineering Data, Vol. 23, No. 2, 1978 119

Gas volume above

Total Hg volume

Linear volume change, cm®/cm

Index mark mark, cm?® below mark, cm? Center compt Side arm
2 177.1£ 0.2 11.48 1.48%
b 133.7+ 0.4 55.42
c 85.5+0.3 104.55 12.85 £ 0.08 0.20+ 0.01
d 375+ 04 153.28

2 All calibration data have been corrected for thermal expansion of glass, water, and mercury and for air buoyancy in weighing.
During pressure measurements, the meniscus remained near enough to index mark a that the error introduced by assuming a cylindrical

cross section rather than the real conical cross section could be neglected.
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Figure 1. Isoteniscope.

same level when the inner meniscus was at index mark a.

Without changing the amount of mercury in the isoteniscope,
the bath temperature was raised and lowered to values about
the initial temperature, and the pressure was measured at each
temperature. As the glassware and mercury expanded or
contracted with temperature, the inner compartment meniscus
in general would not be at the index mark when the two menisci
were at the same height. By knowing the appropriate coef-
ficients of expansion and the calibration data given in Table I,
one could calculate the actual gas-phase volume at each
temperature. We used 3 X 10-% K- for the coefficient of linear
expansion of Pyrex and Sears' equation (5) for the specific
volume of mercury.

When the temperature and pressure region accessible with
the meniscus near index mark a was covered, additional mercury
was added from the reservoir to place the menisci at the same
height as index mark b. The temperature was again varied and
pressures were measured as described above. The same
procedure was followed at index marks ¢ and d. It was possible
to move the meniscus from mark d back to mark c, and this
was done with some of the samples. Because of the height
of the mercury in the reservoir above the isoteniscope, it was
not convenient to move the meniscus back to marks b or a.

For various reasons, the two menisci were not at the same
level for 15 pressure measurements. In these cases the inner
compartment meniscus was placed at an index mark, and the
difference in meniscus heights was measured with the aid of
a cathetometer, and appropriate pressure and volume cor-

rections were calculated. There were ten measurements at
index mark a for which the gas pressure was insufficient to
maintain the right-hand mercury column at the reservoir
stopcock. Again, appropriate volume corrections were cal-
culated for these data points. (The volume change per unit length
for the right-hand side arm was the same as for the left-hand
arm, given in Table 1.)

A total of 313 measurements were taken over the range
167-277 °C, 149-2950 Torr, and 9440-188 000 cm? (molar
volume). The data are given in Table II. Pressures have been
corrected for the vapor pressure of mercury within the iso-
teniscope. Interaction between Al,Cl; and gaseous Hg was
assumed to be negligible.

Results and Discussion

We assumed the behavior of gaseous Al,Clg in the region of
our experimental measurements could be represented ade-
quately by the van der Waals equation of state.

@+ @/ VH)Y(V - b)=RT (9]

The data given in Table II approach the liquid—gas equilibrium
vapor pressure line; therefore, we chose to include the saturated
data of the previous paper in this series (8) in the data set to
be fit to eq 1. In fact, some of the supposedly unsaturated gas
data points actually were saturated; generally, it was not possible
to detect visually a very small amount of liquid Al,Cls condensed
on the wall of the isoteniscope. The calculated molar volume
for each data point in the present work was compared with the
saturated molar volume at that temperature. The latter volume
was calculated from equations for the saturated vapor pressure
(8) and orthobaric vapor density (4). If the supposedly un-
saturated molar volume was smaller than the saturated molar
volume, condensation must have taken place, and the point was
eliminated from the set to be fit to eq 1. The 33 data sets
rejected in this manner do not appear in Table II

All but four of the 80 liquid—gas-saturated vapor data reported
earlier (8) were included in the data set fit to eq 1. Molar
volumes were calculated for these points as described above.
The four eliminated points were at temperatures below 188.8
°C, the minimum temperature for which the orthobaric vapor
density was available (4). The saturated data fall in the range
190-256 °C, 1616-5512 Torr, and 4640-17 100 cm® (molar
volume).

We chose to least-squares fit the data in such a way as to
minimize the perpendicular distance from the experimental point
to the function surface in p, V, and T given by eq 1. This
procedure is a three-dimensional analogue of the fitting pro-
cedure used earlier (8) and depicted in Figure 2 of that report.
As in that instance, the perpendicular z does not quite contact
the curve for eq 1 but contacts a plane drawn through the
projections parallel to the p, V, and Taxes of the experimental
point onto the curve. The root mean square value of the quantity
|(z - true perpendicular)|/(true perpendicular) was 0.003.

We solved for values of a and b which minimized the sum
2 =1"(z)? where
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1 1/2

= — 2
BT ko ¥ (ST \* /6T \? @
—) +{—=) +|——
Ap; AV, AT;
Equation 2 was derived elsewhere (7). In eq 2, 6 T was assumed

to be 1.0 K, and the remaining two uncertainties varied from
point to point as

5p; = 0.005p;

and, since V, = VM/m,
= av; ov;
§Viem*)=| — sV +{— 8m=—%(0.5)+
aVi am,- m,'
2

? {0.0002)

The remaining terms in eq 2 are defined as

AT; =T;— [(pi + @/V)(V; - b)) /R

AVy= 7| —NH_ 4y
l ! pi + (a/ij) iterated

where iterations were performed with \7, set initially at RT;/P;
and continued until the change in V; < 0.001 cm®,

The least-squares fit was iterative. Iterations were continued
until

2‘(0" Oprevious iteration)! <1078

O ¥ Oprevious iteration

where o, the standard deviation, was calculated from

1 N 1/2
0=\ v B ©)

The values of a and b when the criterion of eq 3 was first
satisfied were a = 4.285 X 10" cm® Torr mol2 and b = 178.9
cm® mol™'. For the entire data set the root mean square errors
in pressure, volume, and temperature were 0.9, 1.6, and 0.1%,
respectively.

The van der Waals constants may also be calculated from
the critical density, 0.5073 g cm™, and critical temperature,
355.2 °C, of Al,Clg (6). The calculation yields a = 2.31 X 10
cm® Torr mol and b= 175 cm®. Since in general aand b are
known to vary with pressure and temperature, the agreement
appears reasonable, considering the temperature difference
between the critical point and the range of experimental
measurements. In fact, the very close agreement in b is
probably fortuitous.

The unsaturated data are shown in Figure 2. For clarity, the
liquid—gas saturation line is shown instead of the saturated data
points. The latter would be virtually indistinguishable from the
line at the scale of the figure. Isotherms and isochores were
calculated from eq 1, using the least-squares fit values of a and
b.

Aluminum chloride in the vapor phase exists largely as the
dimer Al,Clg in the temperature range of the present work (2,
7, 9). From the JANAF Tables (3) one may calculate the dimer
dissociation constant. For only three data points (on the right-rear
of the surface depicted in Figure 2) was as much as 0.5% of
the dimer dissociated. For alil other points, the error introduced

{PRESSURE, TORR}”

[} 75 150 225 300 a7s 450
(MOLAR VOLUME, CM*)%

Figure 2. Phase diagram of Al,Cls. Pressure and volume scales are
compressed for clarity.

by neglecting dissociation was insignificant.

Safety

Appropriate precautions should be taken for the containment
of high-pressure gases in glass vessels. It was also important
to consider that mercury has an appreciable vapor pressure at
elevated temperatures (ca. 145 Torr at the highest temperature
reached in the present study).

Glossary

a fitted constant in van der Waals equation

b fitted constant in van der Waals equation

i index for individual points

J index

m mass of Al.Clg in isoteniscope, g; 1.0000 g for
saturated data

M molecular weight of Al,Cls: 266.67 g mol™

N the total number of experimental points used for a

least-squares fit

P pressure, Torr

R universal gas constant: 62362 cm?® Torr K! mol’

T temperature, K

|4 gas-phase volume in isoteniscope, cm?; for saturated
data, the volume of 1.0000 g calculated from
vapor-density measurements

molar volume, cm?® mol™!

z perpendicular distance to plane along curve; function
to be treated by least-squares fitting

m estimated uncertainty in mass of sample, 0.0002 g

op estimated uncertainty in pressure measurement;
calculated for each point

8T estimated uncertainty in temperature of sample; 1.0
K

14 estimated uncertainty in volume of sample, 0.5 cm?®

oV estimated uncertainty in molar volume of sample;
calculated for each point

Af the difference between the experimentally measured
value of the quantity £ and the value of ¢ calculated
from eq 1 and the remaining variables (¢ = p, V,
orT)

g standard deviation
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Table II. Experimental Data

t, °C p, Torr ¥V, cm® t, °C p, Torr  V, cm? t, °C p, Torr  V, cm® t,°C p, Tort V¥, em®

Sample | 237.84 5077 13407 232.88 7969  86.11  231.84  498.0 177.41
167.34  195.8  132.60  238.06 16947  36.41 23549  530.9 133.51  236.67 22206  37.11
170.64  149.1 17417  239.60  773.6  85.06 237.38  390.3 177.41  238.69  505.6  177.40
17328 3062  85.61  239.60  783.5 8494 237.57 17023  37.61  239.63 1019.6  85.32
185.94 2031 13271 24051 7772  85.05  238.09  808.1  86.02 24248  668.1 133.84
192,72 155.2  174.45 240,62  781.6  85.05 23974  810.6  85.99 24325  511.5  177.40
19840 7041 3759  240.62 1683.8  36.38  240.51 1719.3  37.53 24655 22324  36.84
20418 3256  85.06 241.06 1086.5  61.29 241.41  536.9 13345 24842 5172 177.40
206.65  212.9  132.97 24347  1091.2  61.24 24471 17443  37.41  249.03 6777  133.78
208.06 1652 177.42  243.69  1720.6  36.26 24512  409.6 177.41 24991  1047.4  85.13
22015 167.5  175.11  245.04 17247  36.22 24551 1757.8  37.39  253.65  523.6  177.40
22015 7467 37.00 24578 7931  84.83 24641 5438 13341  257.07  690.0  133.71
22260 2204 13328  246.00 1710.1  36.19  246.69  824.4 8586  257.82 5264  177.40
22430 340.5  84.69  247.10 1099.9  61.15 246.77 1763.6  37.36 26072  1075.6  84.94
23028  225.6 13349  248.59 17382 3612 24875 1759.9  37.30 26473  700.9  133.64
23434 1602 175.30  249.50 17300 3610 249.47 8289  85.81  265.67  1086.0  84.85
24479 8001  36.33  249.80  798.8  84.75  249.66  S547.1  133.38 26572 5323  177.40
250.32 2322 133.31  250.24 11024  61.08 251.45 1779.0  37.23 27079  537.0  177.40
263.07  231.8 13319  250.76  $23.9  133.95 252.80  S49.1  133.35  273.87 5442  177.40
264.40  839.6 3579  250.82 3922 177.41  254.15 8375 8573 27456 5387  177.39
26445  175.6  176.88 254.98  840.3  85.71
26451  367.2  83.96 Sample 111 256.19  840.9  85.69

179.55 359.7 177.43
256.72 417.9 177.41
Sample 11 181.43 710.5 86.28 256.91 843.4 85.68

19477 1469.9 3759 18372 3625  177.43
196.88  1479.6  37.53 18445 7197  86.22 %g;gg gig? 13;’%
19715 467.9 13442 18661 3653 17743 o000 %G 800
19808 9789 6226 19031 15237 37191 aor4d T4 DI 50203 8363 13390
20098 7166 8564 19053  367.5 177.43  oexdS BT 838 50400 6515 17745
00117 987.4 6219 19250 4796 13388  ceas  eaoC 13554 20879 6558  177.45
20431 15149 3733 19350  370.8 17743  se333  neas o asas 21040 8509  133.83
20434 9949 6212 19383 15439 3782  ocoul  sexa 13390 21396 6638  177.45
20597 4776 13434 196.34 4838 13385  oeoss  Bess  siaq 21486 13082  85.65
20773 7251 8564 19672 15559 3174 2903 seen 13318 21511 13092 85.65
208.82 15327 3721 19770 3738 17742 30534 avss  as4o 21532 13101 85.64
20923 10040 6201 20068 3761 17742 51590  gras  sss9 21674 8631 13377
20928 7278 8549 20176 4910 13380 393500  sree  ss3g 21709 27350 3769
20189 7335 85.44 20214 15856 3759 rave  sen 133 21857 27452 37.65
21236 7285 8556 20244  1589.8 3759  are3]  aoee  1331e 21862 27097 37.65
21271 15466 3711 20418 16046 3755 59034 3059 13314 22028 6731 17744
21304 10138 6193 20537 4957 13377 39990 ss1a 13313 22037 27285 37.60
21421 4790 13411 20570 760.1 8584 004y sg0s 13313 22088 27355 37.59
21617 479.6 13409 20572 379.8  177.42 22337 8773 13772
21617 487.0 13426  206.54  1606.5  38.29 Sample 1V 52342 27429 3752
31712 15632 36.99 20855 389 17742 184.18  881.0  86.32 22413 13382 8548
21761 3671 17741 20977 3831 17742 19212 900.1 8617  226.67 27693 3743
21857 7442 8532 21081  1626.8  38.17 197.48 18952  38.52  229.08 8894 13367
21952 7400  85.43 21217 5036 13371 198.56 6038 13422 22922 8926  133.67
51993 4851 13406 21298 7743 8571 20032 9197 8603 23006 28032  37.34
22135 7433 8540  213.69 3868 177.42 20084  926.6 8564  231.05 13621  85.36
22138 489.4 13404 21464  777.0  85.68 20171 19433  38.40 23417  67L.0 177.44
22159 15853 36.86 21492  1659.6  37.26 20388 9352  85.58  234.61 28438  37.21
22162 10341 6173 21560 3883 177.42 20673  1978.6  38.27 23527  90L6  133.61
22326 488.8 13403 21633  388.6 17742 20874  619.4 13413 23595 6971  177.44
225.01 7494 8533 21636 16149  38.02 209.28 9492 8548  236.88 6751 17744
22599 3681 17741 216,60  780.9  85.65 209.58 9472 8586  236.91 9078  133.60
22673 4972 13416  218.35 5101  133.66  211.27  2010.2 3814  239.60  1390.8  85.20
22681 4920 13400 22012 3802 177.42 21508  475.4 17741  239.60 28904  37.08
22689  1610.8 3672 22028  1677.1 3711 21570 2040.6  38.02 24119  677.3  177.44
22771 10525 61.60 22039 7861 8558  218.32 6327 13405 24171 9141  133.55
22804 7553 8527 22069 16337  37.90 218.84 21067  37.60 24540 29452  36.92
228,04 759.9 8515 22097 1677.9  37.09  219.06 2063.6  37.93  246.06 14135  85.09
23141 498.5  133.96 22217 7897 8555 221.35 9702 8565 24834  931.6  133.50
23297 1642.9  36.55  223.50 16491  37.83 22225  485.5  177.41  248.39 6802  177.44
23319 7655  85.05 22487 7948  85.50 22471  488.9 17741 25211 9344 13346
23409 5022 133.93 22501  S17.9  133.60 224.98 6485 13399  253.08 14373  84.96
23450 1069.5 6144 22514 7840 8625 226.84 21159 3772 25570 6821  177.44
23466 16758  36.51 22829 3845  177.42 22727 21583  37.37  259.97  1460.8  84.83
235.68 7681 8514 22971  1721.8  36.85 228.72  990.0 8552  261.63  951.5  133.38
23678 5027 13391 23048  807.2 8540 23102 6509 13394  262.07 6831  177.43
23713 3763 17741 23130 5259 133.54 23116 21442  37.60 26437 6862  177.43
33735 770.8 8511  231.65 16926  37.60 231.68 6591 13393 26539  1479.5 8473
‘ 26630 963.9 13334

Sample V
180.41 615.1 177.45
189.61 628.9 177.45
194.88 1242.4 86.01
197.21 640.2 177.45
201.76 1264 .4 85.89
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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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