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Table V. L-L-V Locus End Points for the Four Binary Systems 
Studied and Also for the Binary Systems C02-n-Decane (4)  
and C0.-n-Eicosane (3) 

CO, mole molar vol, 
fraction mL/(g-mol) 

system type temp,K bar L ,  L, UL, UL, 
press., 

Q 
UCST 
Q 
UCST 
Q 
UCST 
Q 
K 
Q 
K 
Q 
K 

235.66 
248.75 
254.28 
267.37 
255.16 
278.95 
269.10 
311.15 
270.40 
309.41 
300.41 
305.31 

10.58 0.577 
16.37 0.850 
20.06 0.657 
28.82 0.870 
20.76 0.611 
39.33 0.860 
30.82 0.703 
82.60 0.840 
31.94 0.680 
80.22 0.788 
67.48 0.723 
75.49 0.704 

0.974 
0.850 
0.9749 
0.870 
0.9842 
0.860 
0.9821 

0.9883 

0.998 

103.2 44.1 
63.9 63.9 

104.7 47.5 
68.3 68.3 

111.2 46.2 
74.4 14.4 

105.9 50.6 
17.3 

117.8 49.3 
98.1 

139.5 63.5 
131.6 
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Figure 3. Deviation (smoothed) of the Pvs. Tcurves of the L-L-V 
loci from the vapor-pressure curve of pure COP. Poco, is the vapor 
pressure of pure COP. For temperatures exceeding the critical tem- 
perature of pure COP, the toilowing equation for (hypothetical) Poco 
was em loyed: Pow, = exp(15.4437 - 199O.O/T) C 0.21136(T-? 

decane (2) and COB-n-eicosane (3) systems. Note that the 
L1-L2-V locus decreases in extent in P- Tspace with increasing 
carbon number for those systems having a K point. For those 
systems having a UCST, the locus moves in P- T space to 
higher values of both variables and exhibits a lengthening, with 

288.15) B - 18.47, where Pow2 is in bar and Tis in K. 

increase of carbon number at least with respect to ndodecane 
and n-tridecane. 

All of the L1-Lz-V loci studied exhibit an L2 phase very rich 
in COP. Since the vapor phase is virtually pure COz, the L,- 
Lz-V loci are close in P-Tspace to the L-V locus of pure C02. 
Figure 3 illustrates this proximity by showing P -Poco, (smoothed) 
vs. Tfor each binary L,-L2-V system, where Pom2 is the vapor 
pressure of pure COP. The deviation of P from Poco, is small 
and negative in all cases examined. 

Glossary 

K 

L 
L1 
L2 
P 
T 
UCST 

V 
V 
Xi 

K point, where L2 and V phases become critical in 

Liquid phase 
liquid 1 phase 
liquid 2 phase 
pressure 
temperature 
upper critical solution (temperature) point where L, 

and L2 phases become critical in presence of V 
phase 

molar volume 
vapor phase 
mole fraction of species i 

the presence of L, phase 
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Activtties of Gallium-Thallium Components Determined by 
Vapor-Pressure Data 

Raff aele Mastromarino, Vincenzo Piacente, * and Daniela Ferro 

Zstitufo di Chimica Fisica, Universiti degli Studi, 00 185 Roma, Italy 

Introduction The thaWkffn activity in liquid Ga-TI alloys was determined 

In order to complete the systematic investigation of the bi- 
nary systems having as constituents Ga, Zn, and TI ( I ,  2) for 
taking these results into consideration for a future ternary 
system study and in connection with the use of thallium alloys 
as molecular sources of TI in thermodynamic equilibria involving 
this constituent (3), we have determined the activities of the 

at 1000 K from vapor-pressure data. Mixing 
thermodynamic parameters of both components were 
evaluated and compared with those reported In the 
literature. A quadratic f o r m a h  for the activity 
coeffklents and the enthaipie functions of the alloy 
components were derived. 
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Table I. Summary of the Torsion Effusion Measurements 

log CY = A - B / P  T1 composition, activity 

78.03 8.0 952-10 10 12 10.13 i 0.21 8259 i 296 0.460 
78.09 12.1 879-989 13 10.29 i 0.28 8346 f 302 0.546 
78.10 5.4 875-953 11 9.90 c 0.34 8140 i 214 0.357 
78.12 10.5 883-1035 15 10.44 i 0.22 8492 i 219 0.55 1 

b 100 826-1077 46 11.12 t 0.23 8913 c 213 1.000 

run at. % temp range, K no. of points A B at 1000 K 

a The quoted errors are standard deviations. Average of four vaporization runs 

SECTION AA' 

PYROPHILLITE 
STEEL & 

Figure 1. Schematic diagram of the torsion effusion cell. 

elements in liquid --TI alloys. Apparently the only activity 
values available are those derived by Predel (4, 5) from cal- 
orimetric data and those measured by Danilin (6) by the emf 
technique. Mixing enthalpies of this system were calculated by 
Sommer (7) using a model potential. No direct activity mea- 
surements are reported in the literature. Therefore, we thought 
it useful to fill this gap by carrying out direct measurements of 
thallium activity measuring its vapor pressure with a multiple 
rotating Knudsen cell coupled with a mass spectrometer and 
a torsion effusion apparatus. 

Experimental Section 

Some Ga-TI alloys of low thallium content and two alloys of 
52 and 83 at. % TI were prepared by using spectrographically 
pure elements. Appropriate weights of the two metals were 
introduced in a tantalum liner, evacuated, sealed, and melted 
by heating up to 1100 K for several hours inside a steel cell. 
The melted alloys were quenched, and their homogeneity and 
composition were checked by chemical and polarographic 
analyses. In some cases this check was also made at the end 
of the vaporization experiment in order to test the absence of 
significant depauperization of the most volatile component. The 
resuits of these analyses agreed with the original compositions 
within -0.1-0.3 at. % TI. The vaporization of the alloys was 
studied by using a mass spectrometer and a torsion effusion 
apparatus, and the thallium vapor pressure was measured. 

Torsion Enuslon. The thallium activities for alloys of low 
thallium content were determined by the torsion effusion tech- 
nique. The basis of the method and the experimental apparatus 
have been described in detail elsewhere (8 ,  9). The effusion 
cell, illustrated in Figure 1, was derived from a block of pyro- 
phyllite. At each temperature the sample vapor pressure can 
be determined by measuring the cell deflection (a) through the 
well-known relation (8 )  P = aK,  where Ktakes into account 
the cell constants (70), the torsion constant of the tungsten 
torsion filament, and, of course, the pressure unit. 

Using the same cell for pure thallium and for its alloys, we 
directly derived the activity of this element from the ratio of the 
torsion angles measured at the same temperature. Most of the 
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Figure 2. Plot of torsion angles vs. time measured during the quan- 
titative vaporization of TI at the fixed temperature of 1027 K. 

systematic errors associated with the absolute K value are 
eliminated by doing so. Alloys with the compositions 5.4, 8.0, 
10.5, and 12.1 at. % TI were investigated. In Table I are 
reported the slopes and the intercepts of the torsion angle- 
temperature equations in the covered temperature range as 
obtained by the least-squares treatment of the experimental 
results. Because of the low thallium content of the analyzed 
alloys, only the initial points measured in the first step of the 
vaporization were taken into consideration. Some checks of 
the sample composition at the end of the experiments were 
made. For the activity calculation the average equation log a" 
= (11.12 f 0.12) - (8913 f 213)/Tfor pwe thallium was used. 
In order to test that thermodynamic equilibrium conditions exist 
in the used cell, absolute vapor pressures of some pure ele- 
ments (zinc, lead, and thallium) were measured, and their 
correspondii heats of vaporitation, determined by second- and 
third-law treatment of the vapor-pressure data, were compared 
with those selected by Huitgren et ai. ( 7 7). The results are in 
very good agreement within the associated errors. 

With this technique the thallium activity was also measured 
by the quantitative vaporization of this element from the alloys 
following a procedure similar to that described in a previous 
work ( 72). These experiments were carried out by loading a 
known amount of alby and by vaporizing completely the thallium 
at a constant temperature. The deflection angles were mea- 
sured as a function of the vaporization time while the thallium 
content in the alloy was decreasing. According to the Knudsen 
equation ( 73) the area of the a-time plot is proportional to the 
weight loss of the sample. Therefore, after complete vapori- 
zation of the thallium from a sample of known weight and 
composition, deflection angles corresponding to the preselected 
compositions 4.8, 3.4, 2.0, and 0.8 at. % TI were determined 
on the plot. A panoramic view of vaporization behavior (run 
78.15) is graphically reported as a vs. time in Figure 2. The 
log a values obtained from seven quantitative vaporizations are 
reported in Table I1 and plotted as a function of the temperature 
in Figure 3. Although it is difficult to determine accurately the 
errors associated with these data, their evaluation leads to a 
very small uncertainty in the composition (-0.2%) and a larger 
one in the torsion angle (-5%). By the least-squares treat- 
ment of the data, the log a-temperature equations corre- 
sponding to each composition were derived and reported in 
Table 11. 
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Flgure 3. Plot of log vs. l /Tfor 4.7, 3.4, 2.0, and 0.8 at. % TI during 
the quantkatlve vaporizations. 

Table 11. Quantitative Vaporization Results 
log 01 original T1 

composition, 4.7 at. 3.4 at. 2.0at. 0.8 at. 
run at. % T,K %T1 %T1 %T1 %T1 

78.04 5.7 
78.05 9.6 
78.08 7.4 
78.13 5.0 
78.15 9.9 
78.16 8.6 
78.19 10.7 
log cy vs. 1/T equations: 

alloy, 4.7 at. % T1 
alloy, 3.4 at. % T1 
alloy, 2.0 at. % T1 
alloy, 0.8 at. % T1 

1071 2.00 1.60 
1077 2.36 2.22 2.02 1.64 
985 1.69 1.55 1.38 1.05 

1005 1.85 1.71 1.56 1.17 
1027 2.00 1.90 1.70 1.36 
1018 1.98 1.85 1.65 1.28 
1063 2.26 2.15 1.93 1.56 

log Q! = (9.46 t 0.15) - (7647 t 152)/T 
log CY = (9.48 +_ 0.19) - (7796 t 195)/T 
logaz(8.81 t0.11)-(7301 t 116)lT 
log CY = (7.97 t 0.25) - (6814 t 255)/T 

Mess specfrometry. The thallium activities in high-thallium 
alloys were measured by using a Bendix time of flight mass 
spectrometer (Model 30 15) coupled with a pyrophyllite multiple 
rotating Knudsen cell with three housings. The details of the 
method and of the experimental procedure are reported in a 
previous work (74). Two alloys, 52 and 83 at. % TI, were 
studied by this technique in the temperature range 838-915 K. 
At each experimental temperature some series of TI' ion in- 
tensity values were measured by rotating the cell, and their 
average values are reported in Table 111 and plotted in Figure 
4 as log ( In+T) vs. 1/T. The intensity values have been cor- 
rected by calibration factors which account for possible dif- 
ferences in the geometry of the effusion holes and their non- 
perfect alignment during the rotation of the cell. The factors 
(x,) were determined by loading the three crucibles with pure 
thallium and by recording the TI+ ion intensity corresponding to 

I2 1 1  

Flgwe 4. Ion intensity dependence from temperature, determined by 
mass-spectrometric technique. 

each crucible. With crucible 1 ( x ,  = 1.00) as a standard, the 
average values x p  = 1.07 f 0.01 and x 3  = 0.925 f 0.01, for 
crucibles 2 and 3, respectively, were determined. From the 
least-squares treatment of the mass-spectrometric data, the 
following equations were derived: 

TI, pure log ( I ' T )  = (6.73 f 0.05) - (8891 f 87)/T 

alloy, 83 at. % TI log (I' T) = 

log ( I 'T )  = 

(6.74 f 0.1 1) - (8628 f 96)/ T 

alloy, 52 at. % TI 
(6.62 f 0.13) - (8860 f 115)/ T 

Results and Discussion 

The thalllum activity in the analyzed liquid TI-Ga alloys was 
determined at 1000 K from the torsion data by using the relation 

aTI = exp(A, - €I,/ T) exp[-(Ao - Bo/ T) ]  

in which A', A,, Bo, and B,are the intercepts and the slopes 
of log LY - 1/ Tequations for pure thallium and thallium in alloy 
reported in Table I. The activity values so obtained are plotted 
in Figure 4 as a function of NTI. In the same figure are also 
reported the thallium activities of 0.8, 2.0, 3.4, and 4.8 at. % 
TI obtained from the quantitative vaporization experiments using 
the values derived at 1000 K from the equations reported in 
Table 11. The value (YO = 161 for pure thallium was used. The 
activities 0.94 and 0.83 in the liquid alloys of 85 and 53 at. % 
TI, respectively, were derived from the mass-spectrometric data 
reported previously at the average temperature T = 880 K. 
These values were derived from the ion intensity ratios a = 
I+(alloy)/Z+(pure) taking into account the correlation of the 
vapor pressure P with the measured ion intensities: P = I+ 7K 
( 75) (Kis an instrument constant for a given species). The 
activity values so determined are reported in Figure 5. In the 
same figure Predel's (5) and Danilin's (6) data are also re- 
ported. Our data agree very well wkh Danilin's acthrities for the 
alloy ranging in the hgh-galliwn compositions while they show 
a larger positive deviation in the thallium-rich alloys. This dis- 

Table 111. TI+ Ion Intensitiesa Measured by Mass-Spectrometric Technique over Ga-TI Alloys 

TI pure 83 at. % TI alloy 
(crucible 1) (crucible 2) (crucible 3) 

52 at. % TI alloy 

838 i 2b 2 (19.0 i 0.5) x lo-' (17.0 t 0.5) x loea (15.5 i 0.5) x lo-' 
4 (28.0 t 0.5) x lo-' (26.0 t 0.5) x (24.0 t 0.5) x 858 i 2 

8622 3 2 (33.5 t 0.5) x lo-' (31.5 r 0.5) x 10.' (26.0 -r 0.5) x 
8 7 3 t  3 1 (45.0 t 1.0) x (43.0 t 1.0) x lo-' (37.0 t 1.0) x 10+ 
876 i 2 4 (50.0 t 0.5) x (46.0 t 0.5) x (43.0 i 0.5) x lo-' 
892 t 3 3 (74.0 * 1.0) x 10.' (7 1.0 r 0.5) x 10.' (61.0 t 1.0) x 
896 t 2 3 (82.0 f 2.0) x l o+  (77.0 i 1.0) x 10.' (70.0 t 2.0) x lo-' 
903 f? 1 (98.0 t 2.0) x (91.0 t 2.0) x (80.0 t 2.0) x 

T, K no. of points 

915 i 2 3 (12.5 t 0.5) x lo-' (11.0 t 0.5) x 10-7 (9.7, t 0.5) x 10-7  

a Arbitrary units. The values are corrected for the factor of the used rotating cell (see text). The associated error is the semidispersion 
in the experimental measurements. 
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Table IV. Thermodynamic Properties at 1000 K - 
- A G ~ ~ ~ ~ ~ ,  - A G ~ ~ ~ ~ x ,  ZETlex, L\GGaex, -AGmix, e i x a  a m i x  

NT1 aT1 aGa k c a h "  k c a h "  kcal/mol kcal/mol kcal/mol kcal/mol cal/mol K 

0.1 0.52 0.94 1.300 0.123 3.276 0.086 0.240 0.375 0.615 
0.2 0.64 0.90, 
0.3 0.71 0.87 , 
0.4 0.76 0.84, 
0.5 0.81 0.80 
0.6 0.86 0.75 
0.7 0.90 0.69 
0.8 0.94 0.61 
0.9 0.98 0.50, 

(I Taken from ref 5 at 923 K. 

0.887 
0.680 
0.545 
0.419 
0.300 
0.209 
0.123 
0.040 

. _ ~ _  
0.198 
0.265 
0.335 
0.443 
0.572 
0.737 
0.982 
1.358 

2.311 0.245 
1.712 0.44 3 
1.276 0.680 
0.959 0.9 34 
0.715 1.249 
0.5 00 1.655 
0.320 2.216 
0.169 3.218 

0.336 
0.389 
0.419 
0.431 
0.409 
0.367 
0.295 
0.172 

0.665 1.001 
0.763 1.152 
0.880 1.299 
0.880 1.311 
0.875 1.284 
0.835 1.202 
0.673 0.968 
0.400 0.572 
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\ I  1 f i e . - -  I ,' \ ' /' ,\ 
I ,  / 

0.u w I , . , ,  , 

fi' ,' '\ \I 
,v' /- 
00 01 02 05 NT, 10 

Figure 5. Thallium and gallium activities in liquid alloys: (0) torsion 
eff uslon data (1 000 K); (0) quantitathre vaporization ( 1000 K); (nr) 

Danllin's data (6). 
~sS-spectromeb.ic data (880 K); (---) Redel's data (5)  (923 K); (-e-) 

agreement cannot be attributed to the temperature difference 
since the slopes for the alloys at high thallium content are quite 
similar to those for pure thallium. In any case, in the entire 
concentration range thallium exhibits a large positive deviation 
from RauR's law, and this nonMeal behavior is to be expected, 
since the system shows a wide miscibility gap at lower tem- 
perature (4). 

The gallium activity has been derived in the usual way by a 
graphical integration of the Gibbs-Duhem equation (76). The 
values 0 = In TI/( 1 - N,)2 necessary for this integration were 
evaluated for the investigated alloys by using the relation 

p = [(A, - A') - (B, - B ' ) / T -  In NTl](l - 

The activities of both components and the corresponding partial 
and integral molar free energy values at 0.1 molar fraction 
intervals across the system at 1000 K are summarized in Table 
I V  and in Figure 6. 

In order to complete the thermodynamic properties of the 
Ga-TI alloy, using the r& reported in the literature (4 ) ,  c& 
was derived and reported in the same table. Considering the 
errors associated with the slopes of our pressure-temperature 
equations and the fact that most of the studied alloys are 
grouped in the terminal gallium-rich region, we have preferred 
to use the r& measured by Predel at lower temperature (923 
K) for 

Darken showed ( 77, 78) that many metallic solutions exhibit 
a quadratic formalism for the activity coefficients of component 
1 (solvent) and component 2 (solute) which is given by 

calculations in the entire concentration range. 

where x12 and A are constants that must be calculated em- 
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Flgure 6. Partial and integral molar free energles of &-TI alloys. 
'TI 

0.0 NTI 0.2 04 0.60.8 

2 0.0 O'' ( I - N T , I  
1.0 

Flgure 7. Plot of log yTI vs. (1 - N,,)*. 

pirically. These constants were derived in Figure 7 by plotting 
log Y~ against (1 - The plot is well represented by a 
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L I 

each studied alloy at the same temperature, were plotted 
against 1 - Ne2 in Figure 8 with their experimental uncertain- 
ties. An analysis of the data shows a limit of linearity up to 0.1 
at. % TI and gives the equation 

AHTI = (9 f 1) - (42 f 5x1 - N,‘) 

where the associated errors are estimated. In the same figure 
the AHIN,,, obtained from Predel’s calorimetric data against 
NTI, are also reported. Owing to the fact that our measure- 
ments are effected by large uncertainties, we feel that AHOn 
= 4.5 kcal/mol derived from Predel’s data (4) can be taken as 
a lower limit. Therefore we propose 8 f 2 kcal/mol as the 
most probable value of the thallium enthalpy of mixing at infinite 
dilution. 

CI I 
0.9 0.2 34 (I-N;,) o r v ,  96 

Figure 8. Thallium heat of solution in @-TI alloys. 

straight line in the region 0 < NTI < 0.2, and the least-squares 
treatment of the data yields the following equation: 

log Tn = 1.43(1 - Nn)2 - 0.42 

so that 

log yOa = 1.43(1 - NGe)’ 

The xTcGe value was not calculated for the opposite region, 
because of the uncertainties in the data. As discussed by 
Turkdogan and Darken ( 1 9 ,  if the quadratic formalism is ex- 
tended to enthalpic functions, the following equation 

fi2 = m2 - B(l  - N,2) 

can be applied, where m2 is the solute enthalpy of mixing at 
infinite dlknion and B is a characteristic parameter of the studied 
system. From this equation the following expression for the 
molar heat of mixing, A H ,  was derived: 

A H / N 2  = AHo2 - BN2 

Our ab values, obtained as differences between the vapori- 
zation enthalpy of pure TI at 1000 K selected by HuAgren ( 7 7 )  
and those derived from the pressure-temperature slopes for 

- 
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