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Abstract: In the present study, the excess molar volume (VE) and the deviations in intermolecular free
length (ΔLf), isentropic compressibility (Δβs), acoustic impedance (ΔZ), and ultrasonic velocity (ΔU)
were calculated using the experimentally measured values of density (ρ) and ultrasonic velocity (U) of
binary mixtures of an acidic organophosphoric extractant (DEHPA) with two substituted aromatic
hydrocarbons, i.e., p-xylene and toluene at 303.15K and atmospheric pressure, 0.1MPa over the entire
composition range of DEHPA. The results of both binary mixtures have been presented graphically and
compared in terms of molecular interaction between unlike molecules of the mixtures, which outcome
may be applied in the solvent extraction process.
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1. Introduction
Ultrasonic and volumetric properties of binary organic liquid mixtures have been
investigated by a number of researchers [1-3] over the last several decades. Such studies have
great relevance in many areas of theoretical and applied fields on solvent extraction. The
interaction parameters such as excess molar volume (VE) and the deviations in isentropic
compressibility (Δβs), intermolecular free length (ΔLf), acoustic impedance (ΔZ), and ultrasonic
velocity (ΔU) were calculated using the experimentally measured values of density (ρ) and
ultrasonic velocity (U), are of considerable interest in understanding the inter- and
intramolecular interactions in liquid mixtures [4-6]. The acidic organophosphoric extractant,
di-(2-ethyl hexyl) phosphoric acid (DEHPA) is widely used as an extractant [7, 8] for the
extraction of actinides, lanthanides, and other valuable metals, viz. zinc, cobalt, copper, lead,
beryllium, etc. In continuation of our earlier work [9-11], we propose to extend our
investigation to make a comparison study on molecular interaction between two substituted
aromatic hydrocarbons (p-xylene and toluene) with DEHPA, which could be used as a better
modifier with DEHPA for solvent extraction process.
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2. Materials and Methods
2.1. Materials.

The samples DEHPA, toluene, and p-xylene, used in this investigation were of AR
grade and presented in Table 1.
Table 1. Specification of the pure compounds used in this work.
Chemicals used

Provenance

Mass fraction
purity

CAS
number

Molecular mass
(g mol-1)

DEHPA
(C16H35O4P)

Spectrum

0.98

298-07-7

322.43

Toluene
(C7H8)

Sigma-Aldrich

0.99

108-88-3

92.14

p-Xylene
(C8H10)

Merck

0.99

106-42-3

106.17

Structure

2.2. Properties measurements.

The procedure of measurements of ρ and U are the same as reported earlier [9, 10]. All
samples were kept in airtight bottles, and adequate precautions were taken to avoid
contamination and evaporation. The measurements of ρ and U for each sample were measured
thrice at 303.15K and 0.1 Mpa, and average values were taken. The temperature during the
measurement of samples was maintained within ± 0.1 K by an electronically controlled
thermostatic water bath. The measured values of ultrasonic velocity (U) and density (ρ) of the
pure samples were checked by comparing with data available in the literature [9, 12-15] and
shown fairly well with literature data, summarized in Table 2.
Table 2. Values of ultrasonic velocity (U) and density (ρ) of pure samples vs. literature values at 303.15K.
Sample
p- Xylene
Toluene
DEHPA
a

Ultrasonic velocity, U (ms-1)
Experimental
Literature
1289.2
1291.0 a
1282.6
1282.81 b
1293.0
1293.0d

Density, ρ (kg m-3)
Experimental
Literature
852.4
852.24 a
856.2
857.55 b, c
961.3
965.3e

[12], b [13], c [14], d [9], e [15]

3. Results and Discussion
In continuation of our earlier work of toluene + DEHPA [9], the experimental values
of density (ρ) and ultrasonic velocity (U) and derived parameters of p-xylene + DEHPA over
the entire mole fraction range of DEHPA at 303.15K under atmospheric pressure and are
reported in Table 3. Excess molar volume (VE) and deviation in intermolecular free length (ΔLf)
isentropic compressibility (Δs), acoustic impedance (ΔZ), ultrasonic velocity (ΔU) of p-xylene
+ DEHPA were computed from the experimental values of density (ρ), ultrasonic velocity (U)
over the entire mole fraction range of DEHPA by following standard relations [16-18] and then
compared with toluene + DEHPA graphically displayed in Figure 1-5.
Excess volume (V E ) is computed from density data by following the relation:
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VE ={(x1M1 + x2M2) /ρ}-{(x1M1 /ρ1)+ (x2M2 /ρ2)}

(1)

where, x1, M1, ρ1 and x2, M2, ρ2 are the mole fraction, molecular mass, and density of pure
components 1 and 2, respectively, and ρ is the density of the binary mixtures.
The deviation functions, viz. ΔLf, Δs, ΔZ, ΔU were calculated using the expression
[16-18]:
ΔY = Yexp – Yideal = Yexp – [(1-X2)Y1 + X2 Y2]
(2)

Where, Y represents the parameters Lf, s, U, Z, and X2 is the mole fraction of DEHPA.
Subscript 1 and 2 refer to p-xylene / toluene and DEHPA, respectively.
Table 3. Variation of density, ultrasonic velocity, and deviation functions, viz. molar volume, intermolecular
free length, isentropic compressibility, the acoustic impedance in binary mixtures, p-xylene + DEHPA over
entire mole fraction of DEHPA at 303.15K.
Mole fraction
(X2)
0
0.0601
0.1212
0.2004
0.2802
0.3407
0.4118
0.4924
0.5502
0.6128
0.6713
0.7441
0.8372
0.9305
1



m–3)

(kg
852.4
868.7
882.5
898.8
912.3
922.2
930.4
937.9
943.2
947.7
952.5
955.1
957.5
960.5
961.3

U
(m s–1)
1289.2
1289.5
1289.8
1290.2
1290.5
1290.8
1291.2
1291.5
1291.7
1291.9
1292.1
1292.3
1292.6
1292.8
1293

V x 104
(m3 mol-1)
1.246
1.372
1.500
1.663
1.828
1.950
2.098
2.267
2.387
2.519
2.639
2.796
3.000
3.200
3.354

Lf 1011
(m)
5.515
5.495
5.474
5.447
5.420
5.400
5.376
5.349
5.329
5.308
5.288
5.263
5.232
5.200
5.177

s 1010
(m2

N–1)

7.059
6.923
6.811
6.684
6.582
6.508
6.447
6.392
6.354
6.322
6.288
6.269
6.251
6.229
6.222

Z 10-6
(kg m-2 s-1)
1.099
1.120
1.138
1.160
1.177
1.190
1.201
1.211
1.218
1.224
1.231
1.234
1.238
1.242
1.243

From Table 3, both isentropic compressibility (βs) and intermolecular free length (Lf)
decrease whereas specific acoustic impedance (Z) increases with an increase in DEHPA
concentration (X2) suggest that (i) there is a significant interaction between components of
binary mixtures and (ii) a structure promoting behavior [19-20].

Figure 1. Deviation in intermolecular free length (ΔLf) versus mole fraction (X2) of DEHPA.
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Figure 2. Deviation in isentropic c compressibility (Δβs) vs. mole fraction (X2) of DEHPA.

Figure 3. Deviation in acoustic impedance (ΔZ) vs. mole fraction (X2) of DEHPA.

In Figure 1-3, the negative values of deviation of intermolecular free length (ΔLf),
isentropic compressibility (Δs), and positive values of specific acoustic impedance (ΔZ) of
both binary mixtures, i.e., p-xylene / toluene + DEHPA indicate strong specific interactions
between component molecules. Interstitial accommodation of smaller molecules (toluene / pxylene) in the voids created by bigger molecules (DEHPA), probably lead to compact structure
[12-15, 19, 20].

Figure 4. Deviation in ultrasonic velocity (ΔU) vs. mole fraction (X2) of DEHPA.
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The variation of ΔU (Figure 4) has been observed positive over the entire mole fraction
range of DEHPA. The positive ΔU values corroborate the result of ΔLf, Δs and ΔZ predict
strong force between the unlike molecules [17-19]. The trend of intermolecular free length
(ΔLf), isentropic compressibility (Δs), excess volume (VE) are negative, whereas acoustic
impedance (ΔZ), ultrasonic velocity (ΔU) is positive for both systems under study over the
whole composition range specifies that the liquid mixture is less compressible than the pure
liquids, forming the complex and the unlike molecules in the mixture are more tightly bound
than in pure liquids. It confirms the presence of relatively strong molecular interaction [17-19],
and the strength of the interaction between the component molecules follows toluene + DEHPA
> p-xylene+ DEHPA.
The values of dielectric constant (ε) and dipole moment (μ) of all pure components
[9, 12, 19]:
DEHPA (  D ~ 4.46) > toluene (  T ~ 2.354) > p-xylene (  X ~ 2.245)
DEHPA (  D ~ 2.74 D) > toluene (  T ~ 0.36 D) > p-xylene (  X ~ 0 D)
Due to slightly high values in dielectric constant (ε) and dipole moment (μ) values of
toluene than p-xylene may imply stronger molecular interaction in the toluene mixture.
The excess molar volume, VE (Figure 5) is negative for both binary mixtures, and the
magnitude of the maximum value of VE is slightly more in toluene + DEHPA than p-xylene +
DEHPA. This also suggests that the unlike molecules are more closely packed in the mixture
than in the pure stage and further indicates attractive molecular interaction between component
molecules, i.e., strong interactions between unlike molecules [19-21].

Figure 5. Excess molar volume (VE) vs. mole fraction (X2) of DEHPA.

A plausible explanation to above results on molecular interaction can be drawn in two
ways (i) because of possible hydrogen bonding (π······OH) between Hδ+ of the hydroxyl group
of DEHPA and a π-electron cloud of an aromatic ring, through the electron donor-acceptor type
of interaction and (ii) it may also be presumed of hydrogen bonding (P=O·····H–) between
unlike molecules due to hydrogen bonding through lone pair Oδ- of P = O group of D2EHPA
and Hδ+ of CH3 group of p-xylene/ toluene, resulting in negative values of VE in both toluene
+ DEHPA and p-xylene + DEHPA mixtures. This may lead to volume contraction, means
E
negative V , and the strength of the interaction between the component molecules, which
corroborates with the results of ΔLf, Δs, ΔZ, ΔU, that follows the same relation, i.e., toluene +
DEHPA > p-xylene + DEHPA. Again, due to the presence of an additional methyl group (CH3) in p-xylene, the molecular interaction decreases with DEHPA in comparison to toluene.
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This reveals that the additional methyl group in p-xylene has influenced the sign and
magnitude of excess/ deviation functions that result in a decrease in interaction in the p-xylene
case in comparison to toluene due to structural effect. The degree of interaction is relatively
stronger in toluene may be due to its single methyl group. Interstitial accommodation due to
the size effect of unlike molecules along with the van der Waals dispersion force may not be
ignored in the computation of resultant effect. The strength of interaction between the
component molecules: toluene + DEHPA > p-xylene+ DEHPA.
4. Conclusions
In the present comparison study, the molecular interaction between p-xylene / toluene
+ DEHPA has been displayed graphically, and intermolecular interactions are analyzed through
the nature of negative trends in intermolecular free length (ΔLf), isentropic compressibility
(Δs), excess volume (VE), and positive trends in acoustic impedance (ΔZ), ultrasonic velocity
(ΔU). The variation of excess/ deviation functions of liquid mixtures over the entire
composition of DEHPA indicates the presence of molecular interaction in the binary mixture
of p-xylene/ toluene and DEHPA. The degree of interaction is relatively stronger in toluene as
a comparison to p-xylene. This study may be useful in the solvent extraction process.
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