temperature, the CO,-rich phase L,, which forms second upon
pressurization of the initial L-V system with CO,, appears below
the L4 phase in the cell. Above the inversion temperature, the
L, phase forms above the L4 phase. In the CO,~butylbenzene
system, the L, phase is denser than the L, phase. Phase inver-
sions have been previously observed by the authors in L—Lo-V
systems, specifically for the ternary system CO,-n-butylben-
zene-n-eicosane (8), as the CO,-free mole fraction of n-butyl-
benzene in n-eicosane in L reached 0.79.

The melting point of n-butylbenzene is low enough that the
solid crystals at the Q point in Table Il are CO; (labeled S,). The
solid crystals at the Q point in Table IV are trans-decalin (labeled
Sy).

The standard deviations of the raw data from the smoothed
values of composition and molar volume in Tables | and Il are
+0.004 and +0.7 mL/g-mol, respectively, while, for the L—Lo—V
systems in Tables Ill and 1V, for pressure, compositions, and
molar volumes, they are £0.15 atm, £0.004, and £0.6 mL/g-
mol, respectively. In the case of Tables | and Il, the “‘flatness”
of the data with respect to pressure at high pressures, for tem-
peratures below the critical temperature of CO,, increases the
standard deviations significantly, to about twice the value en-
countered in the higher temperature experiments.

Glossary

K K point (critical point of L, and V in a L1-Lo~-V
system)

L, COz-lean liquid phase

Lo CO,-rich liquid phase
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Q quadrupie point (coexistence of the four phases
Ly-Lo-V-8)

Sy solid trans-decalin

S, solid C02

UCST  upper critical solution temperature of L, and L,

\Y vapor phase (assumed to be pure CO5)

v liquid-phase molar volume, mL/g-mol

] partial molar volume of species i (mL/g-mol

X mole fraction of species i

Subscripts

nBB n-butylbenzene

td trans-decalin
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Activity Measurements on Liquid Thallium-Indium Alloys

B. M. Nappi, M. Pelino, D. Ferro, and V. Piacente*
Istituto di Chimica Fisica, Universita di Roma, Roma, Italy

The activity of thallium in liquid In-TI alloys in the
temperature range 790-1040 K has been determined by
means of vapor pressure methods. The measurements were
carried out by use of a muitiple rotating Knudsen source
coupled with a mass spectrometer and the torsion effusion
technique. The values so obtained indicate that small
positive deviations from ideality exist at low temperatures.

Activity values of the elements for In~Tl alloys are not well
known. The only data available concerning the liquid system are
those reported by Kundys and Terpilowski (6) and obtained from
emf measurements carried out in the temperature range
653-793 K. Apparently, no other direct determinations of the
thallium activity are reported in literature. Therefore, we thought
it useful to carry out some measurements of this parameter by
using a multiple rotating Knudsen cell coupled with a mass
spectrometer and the torsion effusion method.

Experimental Section

Samples of In-TI alloys of eight compositions varying from
17 to 80 atom % of thallium were prepared employing spec-
trographic pure elements and their composition and homogen-
ities were then checked by chemical and polarographic analysis

(8).

0021-9568/78/1723-0047$01.00/0

The vaporization of the alloy samples was carried out by using
both the mass spectrometric and the torsion effusion tech-
nigues.

Mass Spectrometry. In the mass spectrometric measure-
ments a Bendix Time of Flight (Model 3015) mass spectrometer
coupled with a multiple-rotating Knudsen cell was used. Details
of the method and of the experimental procedure are reported
in a previous work ( 7). The Knudsen cell has been machined
from a cylindrical block of pirophyllite in which three housings
have been drilled and its heating was accomplished by radiation
from a tungsten filament. The temperatures were measured by
using a calibrated iron-constantan thermocouple placed in the
center of the block.

The In-T| alloys were studied in five sets of vaporization ex-
periments carried out in the temperature range 783-878 K and
employing sufficient amounts of samples in order to warrant the
constancy of their composition during the vaporization.

At the highest temperature, TI* was the only ion species
observed in the mass spectrum and, therefore, the variation of
its intensity with the temperature was measured over the tem-
perature range explored. The log /" T vs. 1/ T points were then
treated by the least-squares method, and the relative constants
of the ion intensity—temperature equations so derived are re-
ported in Table I. The measured ion intensity values have been
corrected for the calibration factors, v 4, which account for the
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Table I. lon Intensity Values as a Function of Temperature for Various Compositions in the Tl-In System Measured during the Mass Spectrometric

Investigations

Composition Temp range, No. of log(tT)e=A~-8/T
Run Housing (atom % TI) K points A B8
31.01 1 100 783-860 14 11,382 £ 0.135° 8550 &+ 150°
2 80 12.224 £ 0.134 8560 + 148
3 20 11.966 £+ 0.144 8833 £+ 160
31.03 1 100 785-867 14 12.256 £ 0.182 8762 + 201
2 €3 12,298 £ 0.293 8945 + 326
3 39 11.894 £ 0.090 8730 £ 199
31.04 1 100 795-872 16 12.470 £ 0.172 8870 £ 112
2 70 12.292 £ 0.118 8830 £ 130
3 30 11.987 £ 0.137 8798 + 151
31.086 1 100 790-870 13 12,222 £ 0.127 8665 + 147
2 80 12.249 £ 0.122 8754 £ 135
3 39 11.537 £ 0.122 8439 + 135
31.09 1 100 785-878 12 12.496 £ 0.179 8860 + 176
2 17 11.886 £ 0.106 8903 + 120
3 53 12.554 £ 0.110 9102 £ 142

& The ion intensity values were corrected by the calibration factor v, (see text). ® Al the associated errors are standard deviations.

possible differences in the geometry of the effusion holes and
their nonperfect alignment during the rotation of the cell. The
average values of ¥4, 1.061 £+ 0.008 and 1.009 £ 0.007 for
housings 2 and 3, respectively, taking as standard the housing
1 (v = 1.000), were obtained in two determinations (runs 31.02,
31.10) made by loading the three housings with pure thallium
and recording the corresponding TI* intensity. In order to check
the existence of thermodynamic equilibrium within the housings,
pressure values of pure thallium were calculated from the
measured ionic intensities by using the well-known relation Pr,
= [ T/K (K = Sovy = 4.1 X 1078, where ¢ is the thallium
ionization cross section and «y the multiplier gain). A plot of log
Pvs. 1/Tis reported in Figure 1.

The necessary instrument constant was determined by a
quantitative vaporization of a known mass of pure Tl from the
housing 1 (run 31.07). The second-law heat of sublimation of
thallium AHygg s = 42.3 £ 0.7 kcal/mol (average of five deter-
minations), the third-law heat AH® ;9 s = 43.9 £ 1.1 kcal/mol
(the necessary free-energy functions, (G°1 — H°age)/ T, were
taken from Hultgren (4)), and the selected value AH® yo5 = 43.2
kcal mol~" reported by Hultgren (4) are, within the standard
deviation, in agreement, and this could be considered an indi-
cation that thermodynamic equilibrium conditions actually existed
within the cells.

4+

MASS - S PICTR .

*
1/1'10(”

Figure 1. Vapor pressure of thallium obtained by mass spectrometric
and torsion effusion techniques compared with Hultgren’s data (solid
line). The dotted line represents the slope obtained from torsion mea-
sured with the cell reported in Figure 5 (see text).

Torslon Effuslon. The apparatus used has been described in
detail elsewhere (3, 7). The effusion cell was derived from a
block of pyrophillite, and its geometrical constants are the fol-
lowing: a; = (0.785 £ 0.015) X 10~2cm? and a; = (0.949 +
0.015) X 10~2cm? the orifice area, dy = 8.4 £ 0.5 mm and d;
= 8.2 £ 0.5 mm their distances from the rotation axis, and f4
= 0.57 and f, = 0.57 the Freeman and Searcy (2) connection
factors which account for the orifice thickness.

From the cell constants and by measuring the cell deflection
«, the vapor pressure P can be evaluated through the well-known
relation (3)

pP= 2Ka/(a1d1f1 + a2d2f2) (1)

where K is the torsion constant of the tungsten torsion filament
(K = 0.346 dyn cm rad™") to which the cell was suspended. By
using the same effusion cell for pure thallium and for its alloys,
it follows that

an = Priaiioy) _ QTualloy) @
PTl(pure) QTi(pure)

s0 that most of the systematic errors in the pressure measure-
ments are eliminated in determining the activities. Alloys at the
compositions 17, 30, 57, and 70 atom % of thallium were
studied with this method and the results are plotted in Figure
2,

T
4 1
1/],10 °K)

Figure 2. Plots of log « vs. 1/T determined by the torsion-effusion
technique.
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Table Il. Torsion Angle of the Cell as a Function of the Temperature In the Torsion-Effusion Experiments

Composition Temp range, No. of loga=A—BIT
Run {atom % TI) K points A B
22.01 100 914-983 10 11.382 £ 0.1502 8830 £ 1429
22,02 30 959-1043 17 10.724 + 0.109 8680 + 109
22.04 100 932-1024 11 11.143 + 0.218 8630 + 143
22.05 53 944-1024 18 11.000 + 0.084 8718 + 82
22.07 100 930-1002 15 11.724 + 0.089 8140 + 186
22.08 70 934-1040 12 11.178 + 0.080 8820 + 83
22.11 100 922-992 10 11.413 £ 0.134 8835 + 129
22.12 17 969-1035 14 10.589 + 0.149 8780 + 149
22,13 70 943-1029 12 11,122 £ 0.108 8740 + 104
2 All the associated errors are standard deviations.
In Table |l are reported the constants of the a-temperature
equations in the investigated temperature range as obtained by
a least-squares treatment of the experimental results. The av-
erage values of A= 11.316 & 0.180 and B = 8860 & 200 were :
used for pure thallium in the activities calculations. Also, in these < !
measurements the thermodynamic equilibrium conditions have a0l ;
been checked by measuring the absolute vapor pressures of N
pure thallium in the experiments involving vapor pressures of 51_ i
pure thallium in the experiments involving the pure element and 20 b
the AH®,q5 associated to the corresponding vaporization pro- \
cess. The obtained values, AH® 95 s = 42.9 % 0.9 kcal mol ™' 104 ; .
(second law), and AH® 595 s = 42.4 £ 0.6 kcal mol™ (third law), \ .
where the errors are standard deviations, are in very good ' . N
[} 5 10

agreement with the AH®,95 ¢ value selected by Hultgren (4) if
we consider the errors associated to the experimental mea-
surements of the instrumental constants and to the determination
of the torsion angle and the temperature of the cell. At the end
of each experiment it was verified that the variation of the
composition of the alloy samples considered is negligible (~0.5
atom % of thallium). Since the usual procedure led to a certain
variation in the thallium composition when alloys at 17 atom %
of Tl were analyzed, two experiments were carried out by loading
the two semicells with the same amount of alloy sample, in order
to measure the activity for alloys of low thallium content. Thal-
lium was completely vaporized from samples of alloy at 17 atom
% of Tl at two constant temperatures (T; = 1000 K and T, =
1074 K), and the deflection angles were determined as a function
of the vaporization time while the thallium content in the alloy
was decreasing.

During the vaporization carried out at the lower temperature
(1000 K) some values of the variation of the angle o with the
temperature were also measured at two different compositions
(12.8 and 4.8 atom % of thallium). These compositions have
been evaluated at the end of the vaporization considering that
the area of the « vs. time plot is proportional to the weight loss
of the sample according to the Knudsen equation (5). The
measurements were carried out in a very short time interval
compared to the overall time necessary for the quantitative
vaporization of the sample, so that the composition remained
practically constant during the measurements (see Figure 3).
This fact is proved by the substantial constancy of the torsion
angle at the end of each series of measurements. The values
obtained with this procedure are plotted in Figure 4.

As concerns the quantitative vaporization at the temperature
of 1074 K, the angles, «, measured were plotted as a function
of time. From this plot, two angles at the prefixed compositions
12.8 and 4.8 atom % TI| were derived, and the values are re-
ported in Figure 4. It is difficult to determine accurately the errors
associated with the measurements, but their evaluation leads
to a small uncertainty in the determination of the composition
(<0.2%) and a larger uncertainty in the torsion angle (<3 %).

By using the torsion technique, a further series of experiments
has been carried nut utilizing a particular pirophyllite cell illus-
trated in Figure 5. In this cell, a ‘'semicell”’, can be rotated on

time (hour)

Figure 3. Plot of torsion angles vs. time measured during the quantitative
vaporization of Tl at the fixed temperature of 1000 K. The dotted line
represents schematically the « variations with temperature (see
text).

-~ _—_ 1000 ¥

° ‘/r o'

Figure 4. Plot of log cc vs. 1/ T for 12.8 and 4.8 % at Tl alloys measured
during the quantitative vaporizations at 1000 and 1074 K. Points (@)
were measured during the quantitative vaporization at 1000 K (see
text).

its axis. At the beginning the two ‘‘semicells” were filled with
pure thallium, and two series of determinations were carried out.
In the first series carried out by using the cell in the conventional
way, the dependence of « with the temperature was measured
and the data so obtained are reported in Figure 6. The second
series of measurements made by rotating the ‘‘semicell’”” has
been utilized to check the calibration of the cell.

The purpose of this calibration was to verify that the two force
moments operating in the cell are equal. By heating the sample
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Table HI. Torsion Angles of the Cell as Function of the Temperature Measured with the Cell ltlustrated in Figure 5§

Effusion hole

position of logew=A— B/T
Cell A CellB cell B AT, K A B
Ti pure Tl pure Conventional 885-1002 10.958 &+ 0.074° 8928 + 732
Ti pure 70% at Tl Same as cell B 964-1078 9.460 £ 0.243 8410 £ 240
Tl pure 53% at Tl Same as cell A 964-1067 9.864 + 0.309 8461 + 314
Tl pure 30% at Tl Same as cell A 936-1063 10.204 £ 0.173 8664 £+ 170

2 Average of two experiments.
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Figure 5. Schematic diagram of the torsion effusion ceil.
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Figure 6. Plots of log « for pure thallium and log Aa for In-Tl alloys vs.
1/T measured by employing the cell reported in Figure 5.

to 1100 K, it was observed that the torsion angle was practically
null (¢ = 2°) and this fact shows also that the cell is negligibly
removed from the original balance position when the two forces
operate in the same direction.

Table IV. Activity and Partial Molar Free Energy Values of In and TI
in Liquid Alloys at 920 K

~AGn ~AGin, ~ Gy,
Nt ar an cal/g-atom cal/g-atom cal/g-atom
0.1 0.14 0.90 3594 193 533
0.2 0.27 0.81 2393 385 787
0.3 0.39 0.71 1721 626 954
0.4 0.51 0.62 1231 874 1017
0.5 0.61 0.54 904 1126 1015
0.6 0.70 0.45 652 1460 975
0.7 0.78 0.37 454 1818 863
0.8 0.85 0.28 297 2327 703
0.9 0.92 0.18 152 3135 451
nJ> In
0 Xy

Figure 7. Thallium and indium activities in liquid alloys: (@) mass
spectrometric data (830 K); (O) torsion data (1010 K); (O) torsion data
obtained during the quantitative vaporizations (1010 K); (A) torsion data
obtained by using the cell reported in Figure 5 (1010 K). (—)The solid
line represent the proposed data at the average temperature of 920 K;
{- - -) the dotted line represents the Kundy and Terpilowski results (723
K).

After this calibration run, the alloys to be studied were placed
in the ““semicell’” and A« values were measured at different cell
temperatures. The experimental data were treated by the
least-squares method and the results summarized in Table |l and
plotted in Figure 6.

The use of this cell could be considered alternative to the use
of the conventional one in the study of alloys as it allows one to
measure activities at temperatures where the high vapor pres-
sure of one of the elements makes the conventional technigue
much too sensitive toward torsion angle measurements.

Results and Discussion

The thallium activities in In-Tl alioys of different compositions
have been calculated at the average temperature of 830 K from
the mass spectrometric data and at 1010 K from the torsion-
effusion data. By using the equations reported in Tables | and Il
the activity values were evaluated through the relation

a, = exp(Ax — B,/ N/exp(A° — BO/T) (3)

where AC, A,, B%, and B, are the constants reported in Tables
| and I, respectively, for pure thallium and thallium alloyed at
composition x. The values so obtained are plotted in Figure 7.
In the same figure are also reported the activity values at 12.8



and 4.8 atom % of Tl obtained during the vaporization and es-
timated at the same temperature of 1010 K directly from the
slopes reported in Figure 4.

From the A« values measured with the cell illustrated in
Figure 5 the activity values of the analized alloys are derived
using the relation

a=1—2[exp(A/ = B/ TV/exp(As’— B/ D] (4)

where the A,’, B,’, Ao/, and By’ are the constants reported in
Table lll. The values obtained with this procedure are also re-
ported in Figure 6.

In agreement with Kundys and Terpilowsky’s activity data
measured at 723 K from emf measurements (6), the results here
obtained show that the In-T| solution has a quasi-ideal behavior
with a small positive deviation.

This quasi-ideal behavior is not surprising if one considers that
the differences in the atomic radii and in the electronegativity
of thallium and indium are very small (9).

As the activity values derived from both mass spectrometric
and torsion-effusion measurements at 830 and 1010 K are
comparable within the reported errors, we have chosen the
midrange temperature, 920 K, to derive the activities and the free
energy of mixing for both elements in the different alloys.

The activity of indium has been derived in the usual way by
a graphical integration of the Gibbs—Duhem equation ( 70). The
B values 8 = In y7/(1 — Nr)? necessary for this integration were
evaluated for the investigated alloys by using the relation

B = [(Ax = Ao) = (B, — Bo)/ T](1 — Nm)™2 ()

The activity values of both components so calculated at 920
K and the corresponding partial molar free energies are reported

Some Data on Phase Equilibria in the

Benzene-FeCl;—H,0-HCI at 20 °C

Henk van den Berg*

Journal of Chemical and Engineering Data, Vol. 23, No. 1, 1978 51

in Table IV at 0.1 mole fraction intervals across the system. The
mixing enthalpy of Tl can be estimated by the equation

Nri=Nri
AHumie = (1 = Np) f 4.5758(B,
Nri=0

= BJ)(1 = Nr)"2dNr  (8)

The results of these calculations, even if they are not partic-
ularly meaningful as the associated errors are greater than the
AHmx values obtained, show that the AHq,, s are almost null and
this is a further confirmation of the solution ideality.
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The solubility of iron trichloride in benzene (B) as a function
of the water content of benzene has been determined
quantitatively. At all values of the molar ratio FeCl;:B a
good solubility is guaranteed if the ratio H,0:FeCl; in the
mixture of FeCl;, H,0, and benzene amounts to 1.
Maximum solubility (in the form of the FeCl;—H,0 complex)
amounts to 0.075 M at a HCI concentration of 0.02 M. By
the addition of HCI up to a concentration of 0.70 M, this
solubility increased to 0.10 M. The solubility in dry benzene
and the solubility of the higher hydrates are comparatively
small.

This study on the phase equilibria of B-FeClz-H,0-HCI (B =
benzene) was carried out to contribute to a better insight into the
industrial process of the chlorination of benzene. The coordi-
native conclusions on phase equilibrium data, on kinetics
measured in a homogeneous liquid mixture of the reactants, and

* To whom correspondence should be addressed at Dow Chemical (Neder-
land) B.V., P.O. Box 48, Terneuzen, The Netherlands.
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on chlorinations carried out in a bubble column have been col-
lected (2, 3). In orientating experiments we found that the sol-
ubility of iron trichloride depends strongly on the water content
of the medium. To determine quantitatively the solubility of iron
trichloride as a function of the water content of the system, we
carried out the following experiments.

Experimental Section

We prepared heterogeneous systems of iron trichloride and
H>0 in 250 mL of B with overall compositions lying between the
successive hydrates: thus between 0 and 2, 2 and 2.5, 2.5 and
3.5, 3.5 and 6 hydrate. The existence of these hydrates has been
measured by Bakhuis Roozeboom ( 7, 6). These mixtures were
obtained by addition of anhydrous FeCl; and FeCl3-6H,0 (U.C.B.,
tout pure) or by addition of anhydrous FeCls and H,O to benzene.
In all these experiments so much iron trichloride is added that
a precipitate is formed. In some experiments a gentle stream
of HCI gas, dried on a molecular sieve, was bubbled through the
mixture for 25 min. All mixtures were magnetically stirred. After
the precipitate had settled we took samples of the liquid. We then
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