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Ultrasonic velocity and viscosity measurements, namely of TBP + methanol, TBP + ethanol, 
TBP + benzene, and TBP + CCI4 have been used to study molecular interaction at 303 K. 
Grunberg—Nissan parameter (d), excess Gibbs energy (GE), intermolecular free length (Z_f), acoustic 
impedance (Z), isentropic compressibility (/3), molar sound velocity (L/m), and available volume 
(Va) have been calculated from these data. The excess parameters for the factors /3, Z, and Va 

are also evaluated. TBP—methanol and TBP—ethanol interaction leads to the formation of clus
ters of dissimilar molecules. 

Tri-n-butyl phosphate (TBP) is extensively used as 
an extractant for actinide and lanthanide elements 
and it dominates in the chemical reprocessing of the 
nuclear fuel in the atomic energy industry. Major disa
bling factor for the use of TBP in nuclear industry is 
its high viscosity. Therefore, this extractant is diluted 
with organic solvents like benzene, CCI4, kerosene, 
ere, to alter its physicochemical properties [1—5], 
to improve upon its suitability for extraction purposes. 
Earlier we have investigated the molecular interac
tion in some binary mixtures involving TBP using the 
dielectric method [6, 7]. Ultrasonic investigation, how
ever, finds extensive applications in eliciting infor
mation concerning nature of molecular interactions 
in pure [8] as well as in binary and ternary mixtures 
[9—11] of liquids, and also the ionic interaction in 
aqueous electrolytic solutions [12, 13]. The present 
work aims at utilization of the ultrasonic method to 
study the behaviour of binary mixtures of TBP, with 
two nonpolar solvents, viz. benzene and CCI4 and 
with two polar solvents, viz. methanol and ethanol. 
The results will be used to compare the nature of 
molecular interaction in these two groups of mixtures 
with a view examining the suitability of these solvents 
as diluents — modifiers. It is proposed to evaluate 
also certain parameters from viscosity measure
ments in these mixtures and use them for compari
son with the results obtained from dielectric and ul
trasonic studies. 
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THEORETICAL 

Viscosity (TJ) of a liquid, using an Ostwald visco
meter is 

7] = Kpt (1) 

where К is the viscometer constant, ŕ is the time of 
efflux, and p is the density of the liquid. 

The molar volume of a mixture is defined as 

Vm = MIPm (2) 

where Af, the average molar mass, is хлМл + (1 -
Xi)M2, M, being molar mass of the /-th component, x, 
is the mole fraction of component / in the mixture, 
and pm is the density of the mixture. The molar ex
cess Gibbs energy of activation of flow (GE) is given 
by [14] 

GE = RT[\n {7!Vm} - x, \n {T!,V,}-
- Q - xj In {TI2V2}] (3) 

where T is the absolute temperature, Я is the uni
versal gas constant. 77, riu and ц2 represent viscos
ity of the mixture and that of the component 1 and 2, 
respectively, and Vb V2 represent molar volume of 
pure components 1 and 2. 

Grunberg and Nissan [14] proposed an expression 
for binary liquid mixtures exhibiting nonideal behav
iour 

ln{?7} = ^ I n i ^ j + O - * i ) ' n Ш + 
+ x, (1 - x,)d (4) 

where d is termed as "interaction parameter" which 
is a measure of strength of interaction between the 
components in the mixture. 

146 Chem. Papers 48 (3) 146-150 (1994) 



MOLECULAR INTERACTION INVESTIGATED BY THE USE OF VISCOSITY AND ULTRASONIC 

From the measured ultrasonic velocity (u) and den
sity (pm) of the mixture, the isentropic compressibility 
(ß) is computed [15] from eqn (5) and acoustic im
pedance (Z) is calculated [15] from eqn (6) 

ß = и-2 pm 

Z= и pm 

(5) 
(6) 

The molar sound velocity (Um) and intermolecular 
free length (Ц [16, 17] are calculated from eqns (7) 
and (8), respectively 

(7) 
(S) 

Um - Vm U 
L,= Cß 

1/3 

f1/2 

where С is a temperature-dependent constant. 
According to the available volume concept in the 

case of a liquid, where the available volume is only 
a fraction of the total volume, the compressibility and 
viscosity of a liquid is generally influenced by the 
amount of space in which the molecules are free to 
move [18]. The relative amount of available volume 
should be the same for all the liquids at their boiling 
points as required by the van der Waals equation 

(P + Po) (Vm - V0) - RT (9) 

where P is the pressure exerted by the liquid at 7(K), 
P0 is the correction factor for pressure, and V0 is the 
van der Waals constant. 

Measurement of ultrasonic velocity (u) in liquids 
leads to the idea of the size of molecules of liquid, 
which on the other hand, determines V0 [17, 19] as 

V = v 
RT 

Mu2 

Mu2 

1 + -
ЗЯГ 

(10) 

where M = (x1/W1 + x2M2). 
The available volume (Va) [18] is defined as 

Va=Vm-V0 (11) 

The excess functions are obtained from the follow
ing equation 

AE = Am-(x,A,+X2A2) (12) 

where AE is the excess function, Am is the mixture 
property, and Ab A2 are pure component properties. 

EXPERIMENTAL 

In the present investigation the chemicals used are 
of anal, grade, purified by standard procedures [20— 
23] and redistilled before use. The purity of the sam
ples was checked by comparing the measured den
sities with those reported in the literature [24]. Den
sity was determined with a Pyknometer of 25 cm3 

capacity calibrated at 303 К with deionized doubly 

distilled water. At a fixed temperature, the densities 
were determined with an error of one in 104. Ultra
sonic velocity was measured by a single crystal vari
able-path interferometer operating at a frequency of 
2 MHz. Circulating water from thermostatically regu
lated bath around the sample holder with double wall 
maintains the temperature of the liquid constant with 
a precision of ± 0.1 °C. Viscosity of the mixtures was 
measured by Ostwald viscometer, immersed in 
a constant temperature water bath. Viscosity could 
be measured with an accuracy of ± 10"6 Pa S. 

RESULTS AND DISCUSSION 

Ultrasonic velocity (u), density (pm), and viscosity 
(rj) of the binary mixture of TBP—benzene, TBP— 
CCI4, TBP—methanol, and TBP—ethanol were mea
sured at 303 K. The experimental data are used to 
calculate isentropic compressibility (/3), acoustic im
pedance (Z), molar sound velocity (L/m), intermolecu
lar free length (Lf), available volume (\/a), and 
Grunberg—Nissan parameter (oř) in these mixtures. 
The excess Gibbs energy (GE), excess isentropic 
compressibility (/2Е), excess acoustic impedance (ZE), 
and excess available volume (VЕ) are also calcu
lated. Some of the relevant data are displayed 
graphically in Figs. 2—6 and recorded in Tables 1 
and 2. 

C4H904 

0=P^ 

;P=0' ' 
.OC4H9 

wood-pile arrangement 

\ — \ — 
b — P = 0 " 0—?=0 

C4H9 

head-tail arrangement 

Fig. 1. Wood-pile and head-tail arrangements of TBP molecules. 

The excess Gibbs energy (GE) and Grunberg— 
Nissan parameter (d) are evaluated from viscosity 
measurements. It has been observed [2, 25, 26] that 
in the case of mixtures where strong specific inter
actions between unlike molecules are predominant 
there is a distinct maximum in the viscosity vs. com
position curves. Also excess Gibbs energy and Grun
berg—Nissan parameter are all positive in such ca
ses. Results from this investigation show that vis
cosity (77) increases with increasing TBP concentra
tion in all mixtures. Grunberg—Nissan parameter (d) 
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Fig. 2. Variation of GE with the mole fraction of TBP (x^: • 
methanol, • ethanol, О benzene, D CCI4. 

is positive in all systems being maximum for the 
TBP—methanol system followed by the TBP—etha
nol one. The exception, however, is seen in the 
TBP—benzene system where at a very low concen
tration of TBP it is slightly negative. The relatively 
higher value of d in the mixtures containing alcohols 
indicates the presence of strong interaction between 
unlike molecules. This observation is also corrobo
rated from our finding on GE. GE in the case of the 
TBP—methanol mixture is maximum and it is in the 
same order as of. TBP—alcohol interaction is due to 
the hydrogen bonding 

P=0—H—О 

between one of the oxygen atoms of TBP and the 
hydroxyl group of alcohol. Besides dipóle—dipóle in
teraction, the dipole-induced—dipóle interaction be
tween unlike molecules has a major role in deciding 
the difference between the strength of interaction in 
these binary systems [27]. Because of the high di
póle moment value, its effect is likely to be greater 
in the case of alcohols. Further, the interaction in 
methanol being stronger than that in ethanol reflects 
on greater steric hindrance experienced by ethanol 
molecules. 

The results from ultrasonic investigations show that 
the variation of Ц is linear in the TBP-rich region in 
all mixtures. However, in the TBP-deficient region, 
it is nonlinear in all mixtures, though for methanol 
and ethanol the nonlinearity is distinctly more evi
dent when compared to others. From linear correla
tion factor (g) evaluated in dielectric studies [7] it is 
observed that TBP is a mildly associated liquid (g = 
1.3) indicating predominance of a-multimers with par
allel orientation. TBP molecules can remain either 
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Fig. 3. Variation of /_f with the mole fraction of TBP (x^: • 
methanol, • ethanol, О benzene, D CCI4. 

0.8 x1 1.0 

Fig. 4. Variation of ßE with the mole fraction of TBP (x^: • 
methanol, • ethanol, О benzene, D CCI4. 

in "wood-pile" (Fig. 1a) or as "head-tail" (Fig. 1b) con
figuration [28]. Head-tail structure results in a-multi-
mers and wood-pile structure results in /J-multimers. 
In the first group of binary mixtures (viz. TBP—ben
zene and TBP—ССЦ) TBP—TBP interaction is pre
sent throughout and no significant change in cluster 
formation involving dissimilar molecules is expected. 
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Variation of VI with the mole fraction of TBP (x^: 
methanol, • ethanol, О benzene, D CCI4. 

The slight increase in the value of Ц on dilution may 
be attributed to the solvent effect. Due to high pola-

Fig. 6. Variation of ZE with the mole fraction of TBP (x^: 
methanol, • ethanol, О benzene, D CCI4. 

Table 1. Variation of p, 77, d} u, and U with the Content of TBP in Nonpolar Solvents at 303 К 

* 1 

0.000 
0.035 
0.076 
0.124 
0.180 
0.248 
0.331 
0.433 
0.569 
0.748 
1.000 

Table 2. 

x i 

0.000 
0.016 
0.036 
0.060 
0.090 
0.129 
0.182 
0.257 
0.373 
0.572 
1.000 

P 

kg m"3 

862 
876 
888 
903 
908 
918 
928 
938 
949 
959 
970 

Л 

10"3 Pa S 

0.582 
0.614 
0.725 
0.844 
0.932 
1.031 
1.240 
1.466 
1.779 
2.313 
2.967 

Variation of p, 77, d, 

P 

kg m"3 

791 
806 
824 
843 
867 
880 
909 
923 
939 
956 
970 

Л 

10"3 Pa S 

0.581 
0.667 
0.733 
0.839 
0.979 
1.181 
1.512 
1.767 
2.126 
2.677 
2.967 

Benzene 

d 

— 
-0.124 

1.354 
1.567 
1.633 
0.899 
0.980 
0.876 
0.776 
0.854 

-

и 

m s - 1 

1268 
1264 
1260 
1257 
1253 
1248 
1247 
1246 
1245 
1244 
1257 

Um 

cm3-3 mol"1 s-1/3 

4555 
4856 
5219 
5627 
6176 
6796 
7563 
8517 
9745 

11396 
13827 

и, and Um with the Content of TBP in 

Methanol 

d 

-
6.267 
4.936 
4.667 
4.441 
4.281 
4.270 
3.453 
2.741 
2.135 

-

и 

m s - 1 

1147 
1149 
1154 
1161 
1176 
1185 
1205 
1226 
1233 
1255 
1257 

Um 

cm3-3 mol"1 s"1/3 

1967 
2162 
2389 
2667 
3004 
3481 
4063 
4971 
6324 
8696 

13827 

* 1 

0.000 
0.038 
0.082 
0.133 
0.193 
0.264 
0.349 
0.455 
0.588 
0.763 
1.000 

P 

kg m"3 

1565 
1501 
1442 
1382 
1322 
1249 
1187 
1136 
1081 
1026 

970 

Л 

10"3 Pa S 

0.899 
0.976 
1.095 
1.290 
1.404 
1.662 
1.816 
2.012 
2.400 
2.709 
2.967 

Polar Solvents at 303 К 

* i 

0.000 
0.023 
0.051 
0.084 
0.125 
0.177 
0.244 
0.334 
0.463 
0.659 
1.000 

P 

kg m"3 

785 
810 
831 
861 
868 
877 
899 
917 
937 
955 
970 

Л 

10"3 Pa S 

1.007 
1.181 
1.225 
1.445 
1.530 
1.558 
1.838 
2.097 
2.321 
2.823 
2.967 

c c i 4 

d 

— 
0.970 
1.302 
1.748 
1.382 
1.540 
1.256 
1.055 
1.149 
1.061 

-

Ethanol 

• d 

-
5.759 
2.782 
3.353 
2.389 
1.528 
1.665 
1.483 
1.114 
1.043 

-

u 

m s - 1 

906 
927 
955 
979 

1011 
1048 
1088 
1122 
1167 
1210 
1257 

u 

m s - 1 

1190 
1199 
1202 
1206 
1210 
1214 
1222 
1231 
1250 
1259 
1257 

" m 

cm3-3 mol"1 s"1'3 

4416 
4767 
5171 
5630 
6185 
6924 
7767 
8706 
9942 

11552 
13827 

4n 

Dm3-3 mol"1 s"1/3 

2886 
3116 
3405 
3713 
4198 
4805 
5505 
6495 
7902 

10044 
13827 

rizability benzene molecules develop induced dipoles 
which interact with the dipolar molecules of TBP. As 
a result benzene molecules come closer to each 

other forming planar stacks sandwiching (clustering) 
TBP molecules. This leads to a slight increase in 
intermolecular free length in the mixtures. On the 
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other hand, in the second group of mixtures (viz. 
TBP—methanol and TBP—ethanol) TBP—alcohol 
interaction is a possibility due to the hydrogen bond
ing. Evaluation of mutual correlation factor (grab) in 
TBP—alcohol mixtures, using dielectric measure
ments [6] showed that g a b in such mixtures departed 
from unity indicating formation of microheteroge-
neous clusters. In the present work data from vis
cosity studies also lead to the identical conclusion. 
As such Lf is likely to increase. The nonlinear char
acteristic of /_f vs. TBP mole fraction curve on in
creasing alcohol concentration probably indicates a 
rapid change of nature and extent of clusters. The 
degree of variation of Z_f is greater in TBP—metha
nol than in TBP—ethanol system probably due to a 
relatively low stehe hindrance of methanol molecules 
where a greater number of alcohol molecules estab
lish favourable correlation with TBP. 

Ultrasonic velocity (u) and molar sound velocity 
(l/m) exhibit similar trend in the entire range of con
centration of TBP. Ultrasonic velocity is governed by 
the combined effect of intermolecular free length and 
density. Since the difference between density of CCI4 

and TBP is maximum while Lf in both the cases are 
very close to each other, the ultrasonic velocity in 
the TBP—CCI4 mixture is expected to undergo a very 
large range of variation which is supported from the 
experimental findings. On the other hand, both Lf and 
p for TBP are close to those of benzene. As a con
sequence the change in ultrasonic velocity is rather 
insignificant over the entire composition range in the 
TBP—benzene mixture. Likewise variation in the case 
of methanol and ethanol is also of the same type, 
which could be explained by similar considerations. 

The excess available volume (Va

E) in all the mix
tures is positive. Its magnitude is maximum for 
methanol followed by ethanol. For both benzene and 
CCI4, its magnitude is relatively small. We have ob
served earlier that methanol molecules find it con
venient to form clusters of dissimilar molecules 
(TBP), which makes more free space available. The 
clustering effect being less in ethanol, the magnitude 
of available volume is also reduced. Since benzene 
and ССЦ molecules do not enter into any mutual 
interaction with TBP molecules, the magnitude of \/a

E 

is influenced mainly by the solvent effect. 
The excess acoustic impedance (ZE) is negative 

only in the case of mixtures containing CCI4 and in 
the rest of the cases it is positive. For benzene the 
magnitude is relatively small and remains flat over 
a large range of concentration. For alcohols the 
magnitude is appreciable being maximum for TBP— 
methanol mixtures. It is probably due to the forma
tion of the charge-redistribution complex due to hy

drogen bonding for methanol and ethanol. While for 
benzene the dipole-induced—dipóle interaction leads 
only to stacking of benzene molecules, no such in
teraction is expected in CCI4 and hence CCI4 stands 
apart. The excess isentropic compressibility ([Г) is 
negative in all cases, the magnitude being maximum 
for the TBP—methanol system and minimum for the 
TBP—benzene system. It agrees with our earlier 
observation that the change in Ц is maximum for 
TBP—methanol mixtures and minimum for the TBP— 
benzene system. 
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