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Ultrasonic velocity of binary systems at elevated pressures
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Abstract, Various empirical thearies of ultrasonic velocity have been applied to three binary liquid
mixtures, under pressures up to 200 MPa and their validity have been tested. A pressure depen-
dent stucy of ultrasenic velocities has been made at 203,15 K. The agreement between theory and
experiment is found to be quite satisfactory.
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1. Introduction

There has been an increasing interest in the study of molecular interactions and a number
of experimental techniques have been used to investigate the interactions between the com-
ponents of binary liquid mixtures. The ultrasonic speed and thermodynamic data derived
from it have been widely used for this purpose. Measurement of sound velocity offers a
convenient method for determining certain thermodynamic properties of liquids not easily
obtained by other means. Successful attempts have been made in the recent past [1-4] on
theoretical evaluation of ultrasonic velocity and its correlation with other thermodynamic
properties in binary liquids using statistical and semi-empirical theories. But such studies
have been limited to binary liquid mixtures at zero pressure. Due to the lack of experimen-
tal data on ultrasonic velocity at elevated pressures, such studies could not be extended
at elevated pressure. For the first time, Takagi ef al {5-8] have carried out experimental
messurements of ultrasonic velocity and related thermodynamic properties of a few binary
liquid mixtures at elevated pressures over a wide range of temperatures. Although, of late
[9—171, some work on ultrasonic speed and thermodynamic parameters has been carried
out, however, to our knowledge, the use of uitrasonic velocity at elevated pressures is rare.
Therefore, in the present investigation, we report the results of theoretical calculations of
ultrasonic velocity at elevated pressures using various semiempirical theories in the mix-
tures. Ultrasonic investigations of the systems have been reported by Takagi ef al [6,8]. A
comparative study has then been made thereof.

187



J D Pandey, Ranjan Dey and D K Dwivedi
2. Theoretical

Nomoto [18] took into account the linearity of molecular sound velocity and additivity
of molar volumes and suggested an empirical formula for sound velocity in binary liquid
mixtures Uy, as
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where i is molar sound velocity and Vi, is the molar vefume of mixture.

The Van Dael ideal mixing relation [10] which has been successfully employed to in-
vestigate the acoustical behaviour of binary Hquid mixtures gives the expression for the
velocity of sound as
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where @1, zg, My, My and uy and us are the mole fractions, molecular weights and ultra-
sonic velocities of first and second comporent respectively.

Schaaffs [19,20] and Nutsch-Kunrhiies developed an expression for evaluating sound
velecity i binary liguid mixture as

18y 4 x9B
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where e = 1600 m sec™!, Sy, 55 and By and By are the collision factors and actual
volumes of the molecule per mole of first and second compoenent respectively.

3. Resulis and discussions

Theoretical values of ultrasonic velocity computed from the aforesaid theories for the hi-
nary mixtures, viz., (1) chlorcbenzene + bromobenzene, (ii) toluene + aniline and (iii)
toluene + o-xylene at 303.15 K up to 200 MPa have been recorded in tables 13 at varying
mole fractions.

3.1 Chlorobenzene + Bromobenzene (polar + polar) mixture

Literature values {7] show when pressure is raised, the ultrasonic speed in each mixture
increases indicating a curve of second order in pressure over the whole range used in the
present investigation. Furthermore, in order to examine solution behaviour for the present
mixture, plotted values of ﬁé’ , the excess isentropic compressibility, against x5 exhibit
small positive values at afl compositions and pressures. This finding and the behaviour is
due to dipole—dipole interactions between the two components.

According to X-ray investigations [22], on the crystal and spectographic investigations
of gas, the Van der Waals radius of Br atom is 0.195 nm which is relatively greater than
for other aloms. This finding leads us o the conclusion that the free velume of mixing of
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a mixture containing bromobenzene will be much larger as compared fo others at atmo-
spheric pressure. Thus, with rise in pressure, increase of this free volume plays a leading
role in determining the large pressurc effect on the interaction and the excess isoentropic
compressibility in lower-pressure region. A close perusal of table 1 shows that the mini-
mum deviations are observed in the case of collision factor theory, followed by case of ideal
mixing relation. The average percentage deviaticns for coflision factor theory, Nomoto’s
relation and ideal mixing refation are 2.09, 6.97 and 6.72 for 0.2; 2.42, 3.17 and 3.55 for
0.4: 2,41, 1.02 and 0.56 for 0.6 and 2.85, 5.60 and 5.28 for 0.8 mole fraction of chioroben-
zene respectively.

3.2 Toluene + Aniline (non polar + polar) mixtire

For this binary liquid mixture, ultrasonic velocity has been calculated using the previously
merntioned theories over a pressure range up to 160 MPa at 303.15 K. The freezing pressure
for pure aniline is 188.5 MPa at 303.15 K. Hence computed values of ultrasenic velocity
in this mixture are in the range of pressures up to 160 MPa, in concurrence with literature
{0].
Table 1. Average percentage deviations calculated from Nomoto, ideal mixing and
collision factor theory for the binary system chiorobenzene + bromobenzens at xp =
0.2,0.4,0.6 and 0.8 at 303.15 K.

Pressure Perceniage deviation
(r
MPa MF =0.2 MPF =04 MF =08 MF =08
MNomote Vandael CFT | Nomoto Vandael CFTiNomote Vandacl CFT|Nomoto Vandael CFT
0.1] =553 —602 2.57| —234 -2.95 292 135 077 3077 516 482 291
50| —543 592 2635| —2.88 —2.88 2099| 128 128 311 522 489 290
10.0] —5.08 —509 247} —2.44 -3.05 2.84] 1.00 051 2779 508 476 2.88
15.0] =604 —647 231] -2.61 321 264! 098 043 2.55; 509 476 285
20.0| —6.69 —626 230| —321 304 2841 1.06 031 20641 512 479 288
2500 =708 —631 2.34| —3.83 300 282 1.08 0,32 238 519 4,86 2.89
30.01 —6.13 655 2.0 | =412 330 254 100 043 257 522 488 284
4001 =795 685 202| —2.81 341 245 069 036 245 521 489 286

5001 654 —6.95 2.16] —2.86 346 232 0.90 036 241 527 496 284
6001 —6.60 —7.00 0.66] ~2.97 356 (481 (.88 035 179y 345 514 281
7001 —672 —7.44 2010 —311 =311 228] 104 049 2387 549 517 286
80.0| —6.88 733 209; —328 374 237( 106 0.54 235 386 556 289
90.0| —6.93  —7.33 2.46] ~31L 371 240| 124 070 248 602 576 286
1000 —6.96 —7.39 221| =309 =363 241 100 046 230 593 556 L83
[10.0] —7.01 ~744 191 =312 3738 220 092 039 219 54 343 283
1200 —7.19  ~7.33 232 —3.69 —363 251 106 052 236 599 568 285
13008 —6.67 —7.09 221} —2.84 360 2353 L4 114 255| 3.83 582 287
140.01 —~6.87 —7.30 211} -324 380 225 Li2 058 248| 590 557 235
150.0] —6.81 —7.28 2.12| —3.08 —3.80 2.30| 0.9 109 224| 569 538 283
160.0] —6.90 —730 2.23| —286 —373 240 113 0.60 248) 611 578 287
170.0| —7.37  -7.97 189| —3.66 —408 200} 05l 0.28 193] 587 357 280
180.0| —7.22 =765 195 ~339 -404 20817 105 052 2211 397 5.08 283
1900 ~7.33 0 —7.74 183 | —4dl —448 219 097 044 2312 6407 577 283
2000 —7.42 —7.83 163 =335 —416 209 086 035 204 596 567 183

Avg= —G72  —697 209 —317 355 241 102 (L36 2.41 560 528 285
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Close perusal of table 2 again indicates that the minimum deviations are observed in
the case of collision factlor theory while the deviations abiained for Nomoto’s reiation and
the ideal mixing relation held equally good, keeping in accordance with literature values.
The average percentage deviations for collision factor theory, Nomoto's relation and ideal
mixing relation are 1.06, 9.99 and 9.67 for 0.2; 1.98, 3.86 and 3.63 for 0.4; 2.67, 2.05 and
2.20 Tor 0.6 and 3,01, 7.89 and 7.95 for 0.8 mole fraction of aniline respectively.

Anmiline molecules are known to be associated through kydregen bonding in the pure
state. The self-association is decreased when aniline is mixed with other aromatic hydro-
carbors [6]. Literatures [¢] values indicate that pressure effects of ﬁ‘;f for various binary
mixtures qualitatively suggest that 3§ values and the composition where AE showed the
maximum or minimum were scarcely affected by pressure changes when the mixture had
strong molecular interactions. These facts lead us to the conclusion that the association in
toluene-aniline is weaker than that of benzene-aniline and thus the results for the present
mixture may be presumed to cause the large pressure effect on ﬁg .

3.3 Toluene + o-xylene (nonpolar + weakly polar) mixture

Az in the previous system (toluene + aniline), ultrasonic velocity has been computed under
similar conditions of temperature and pressure. Perusal of table 3 reveals that the average
percentage deviations for collision factor theory, Nomoto’s relation and ideal mixing rela-
tion are 0.22,1.28 and 1.28 for 0.2; 0.22, 0.37 and 0.22 for 0.4; 0.221, 0.48 and 0.70 for
0.6 and 1.63, £.38 and 1.54 for 0.8 mole fraction of o-xylene respectively.

Table 2. Average percentage deviations calculated from Nomoto, ideal mixing and
collision factor theory for the binary system toluene + aniline at z2 = 0.2, 0.4, 0.6 and
0.8at303.15K

Pressure | Percentage deviation
(P)
MPa MF =02 MF =04 MF = 0.6 MF =08

Nomoto Vandsel CFT|Nomotc Vendael CFTNomoto Vandael CFT|Nomote Vandael CFT

0.1 1848 1572 133 642 517 270 -239 409 1376|1236 —12.81 398
10.0F 1437 1390 1.28| 529 465 2231 —3.80 383 298| -1225 -12.25 3.09
2001 {337 1298  1.25| 483 431 187} —4.34 =353 2781078 —11.02 2.35
300 1246 1214 134 4797 435 202 —254 =304 271|—-1053 —10.18 2.96
400 L4535 1120 101 446 411 200} —291 =279 273} —9.17 -—-%34 3.08
500| 1046 928 108 426 3.84 1.86 —2.24 —2.50 Z2.75| —847 —8.60 3.09
60.0| 1001 9587 Ly 400 379 191} —2.02 —-2.02 262|—821 —821 285
00| 975 5.6l 107 381 38§ 18O} --2.06 —224 250} —7.82 782 293
80.0] 9.18  9.07 LO0) 340 366 1901 ~1.70 —184 266 =722 =730 3.03
90.0] 890 8.0 1041 354 340 195 —1.4l  —1.54 284! —084 —691 318

100.0y 838 830 0811 322 3.08 1797 —1.59 —1.68 257 —667 =675 294
110.0y 7.08 795 0.84] 319 308 L&7T| ~151 160 249 — 639 642 286
120,07 7.63 71357 0761 3.03 2.86 1821 —1.31 —1.59 228§ —6l3 —61% 270
1300; 736 7.50 1.08] 3.65 296 196} 136 —141 2361 —580 3583 297
14007 7.05 705 LoGy 294 3.04 2021 =116 —1.57 246{ —538 —539 3.3
150,07 698 057 L3y 292 292 198 —1.06 —1.09 253} —518 -3520 3.05
160,01 6.66 6.64 1054 282 279 207 —~L07 —1i2 2371 —508 =309 3.08

Avg= 999 967 1.06 386 363 198 —2.05 —2.20 267 =789 =795 3.01
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The values are iz agreement with the literature values [25] as both Nomoto's relation and
ideal mixing relations give almost wdentical results but the collision faclor theory proves to
be better thar both of these.

Thus, keeping in view the behavicur of the thiee aforementioned systems under the
present investigation, it can be said that the positive deviations in velocity are atiributed
to {(a) molecular association and (b) complex formation, whereas negative deviations in
velocity are attributed to the molecular dissociation of an associated species caused by
additicn of an inert solvent or an active solvent. The actual sign and magnitude of the
deviations observed experimentally would depend upon the relative strength of the two
opposing effects (molecular association and dissociation).

According to Keesom'’s theory, the intermolecular energy for binary mixtures includ-
ing polar substances is preportional to the product of squares of the dipole moments for
each component and is inversely preportional (o the temperature and to v, where r is in-
termolecular separation between the two components. These facts, when applied to the
systems under the present investigations bring about the conclusion that the irregularities
observed over the wide range of mole fraction is strongly subject Lo polarity of each sub-
stance and moreover it depends largely on the pressure change compared with those for
{nonpolar + polar) and {weakly polar + polar) mixtures. However, if the binary mixtures
have a strong molecular interaction between two components, it is in general that the phys-
icchemical quantities are changed successively with composition.

Whereas interstitial accommodation effect is more prominent in hydrogen honded sol-
vent systems, the dispersion forces are likely to be dominant in mixed dipolar aprotic and
nonpolar or binary mixtures of nonpolar solvents. Lack in smoothness of deviations are
due to interactions between the component molecules. Interactions are a result of active
collisions between the molecules. In the collision Tactor theory, molecules are treated as
real, pon-elastic molecules. In the case of system I (chlorobenzene + bromobenzene), both
the componenis are polar organic liquids which have strong melecular forees of attraction.
Hence their collisions are likely o be less clastic, resulting in greater extent of interaction.
Furthermore, both positive and negative deviations are observed in the alorementioned
liquid mixture.

Fort ef al {25} have studied some fourteen binary liquid mixtures and clearly established
that the positive contributions for excess values should be contributed to dispersion forces
and the negative excess values should be due to charge transfer, dipele induced dipole and
dipele—dipole interacticns. Since both positive and negative deviations are found in three
types of liquid mixtures hence they can be attributed te molecular interactions.

In conclusion, it appears from the preceding discussion that the collision factor theory
seems o provide the best results followed by Nometo’s relation, ideal mixing relation
respectively for the polar—polar (3) liquid system. The reascn behind this can be attributed
to the presence of two empirical factors, 51 and Ss, contained in the Schaaffs equation (3),
which are known as collision factors and are in fact correction terms which can be adjusted
te give better results. This also seems to be in agreement with the conclusion arrived at
by Prasad ef ol [23] and Kaulgud and Tarsekar [24] for different binary liquid mixtures.
However, in the case of polar—nonpolar and nonpolar-nonpelar, both Nomoto's relation
and the ideal mixing relation give almost identical results, but the best results are obtainad
hy the collision factor theary.
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