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Abstract In this paper density, sound velocity, and refractive index for the binary system

(butyric acid ? hexanoic acid) were measured over the entire composition range and at 5 K

intervals in the temperature range 293.15–313.15 K. The excess molar volumes, isentropic

compressibilities, excess isentropic compressibilities, deviation in refractive indices, molar

refractions, and deviation in molar refractions were calculated by using the experimental

densities, sound velocities, and refractive indices, respectively. The Redlich–Kister equation

was used to fit the excess molar volume, excess isentropic compressibility, deviation in

refractive index and deviation in molar refraction data. The Lorentz–Lorenz approximation

was used to correlate the excess molar volume from the deviation in refractive index and also

to predict the density from refractive index or the refractive index from density of the binary

mixtures. Four sound velocity mixing rules were tested and the best model for the systems

studied in this work was the Berryman mixing rule. The thermodynamic properties are

discussed in terms of intermolecular interactions between the components of the mixtures.

Keywords Density � Sound velocity � Refractive index � Carboxylic

acids � Lorentz–Lorenz approximation � Mixing rules

1 Introduction

Carboxylic acids are important chemicals used in a variety of industrial applications such

as separation processes, manufacture of pharmaceutical products, and cleaning agents [1,

2]. Carboxylic acids are attractive raw material for the production of biodegradable
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plastics, and are also used as buffers, food preservatives, flavoring agents, fungicides,

insecticides, and catalysts [1–3]. Carboxylic acids are being used as catalysts in the syn-

thesis of biodiesel [4]. Biodiesels are being produced as replacements for fuels from

petroleum sources because of the rising costs of crude oil. Therefore the large scale

production of carboxylic acids by fermentation is receiving greater attention [1].

For developing reliable correlations and/or predictive models and to test solution the-

ories, there is a need for thermodynamic properties such as: excess molar volume, excess

isentropic compressibility and deviation in refractive index [5]. Excess properties of car-

boxylic acid mixtures assist in understanding the nature of the intermolecular interactions

such as van der Waal’s interactions and hydrogen bonding occurring in binary carboxylic

acid mixtures [6–8].

It is also necessary to know thermophysical or thermodynamic properties, for example.

densities, sound velocities, refractive indices, viscosities, heat capacities, Gibbs energies,

excess molar volumes, excess molar enthalpies [9] also including phase equilibria data:

solid–liquid equilibria (SLE) [10, 11], vapor–liquid equilibria (VLE) [12], and liquid–

liquid equilibria (LLE) [13–15] in order to design industrial processes using carboxylic

acids.

Carboxylic acids have been widely studied but there are no data available on the

density, sound velocity and refractive index at several temperatures of carboxylic acid

binary mixtures. There is a paucity of data published on the density, sound velocity and

refractive index data of carboxylic acids with other solvents [16–27] but there is no sound

velocity data for carboxylic acid binary mixtures.

The densities, sound velocities and refractive indices for the binary system (butyric

acid ? hexanoic acid) was measured over the entire composition range and at 5 K inter-

vals in the temperatures range 293.15–313.15 K. These results were used to calculate

excess molar volumes, isentropic compressibilities, excess isentropic compressibilities,

deviation in refractive indices, molar refractions, and deviation in molar refractions over

the entire composition range and at each temperature. The Redlich–Kister equation was

used to fit the excess molar volume, excess isentropic compressibility, deviation in

refractive index and deviation in molar refraction data. The Lorentz–Lorenz approximation

was used to correlate the excess molar volume from the deviation in refractive index and

also to predict the density from refractive index or the refractive index from density of the

binary mixtures. Four sound velocity mixing rules were tested. The thermodynamic

properties were discussed in terms of intermolecular interactions between the components

of the mixtures. This work is a continuation of our research group‘s studies on thermo-

dynamic properties of carboxylic acid mixtures [2, 11–13, 28–30].

2 Experimental

2.1 Chemicals

Butyric acid (Aldrich, South Africa, CAS No. 79-09-4, purity C 99.5 %), hexanoic acid

(Aldrich, South Africa, CAS No. 142-62-1, purity C 99.5 %), diethyl carbonate (Aldrich,

South Africa, CAS No. 105-58-8, purity C 99 %) and ethanol (Aldrich, South Africa, CAS

No. 64-17-5, purity C 99.8 %) were purchased and used in the experiments. All the sol-

vents were stored over 0.4 nm molecular sieves to prevent adsorption of water. The mass

percent water content was determined using a Metrohm 702 SM Titrino Metter and found

to be 0.39 % in butyric acid and 0.40 % in hexanoic acid. The comparison of the
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experimental density, sound velocity and refractive index values of the pure solvents, at

various temperatures, show good agreement with those reported in the literature [27, 30–

35] and are given in Table 1. The refractive index values are lower than the literature

values for all acids except butyric acid at 293.15 K, where it slightly higher than the

literature values and increasing with temperature. The maximum difference between the

literature and the experimental density and the refractive index for hexanoic acid is

0.0016 g�cm-3 at 308.15 K and 0.0012 at 313.15 K, respectively. No further purification

of these chemicals was carried out.

2.2 Apparatus and Procedure

Measurements were carried out on a binary test system (diethyl carbonate ? ethanol) [36]

at 298.15 K to validate the experimental technique by the determination of the excess

molar volumes, isentropic compressibilities, excess isentropic compressibilities, deviation

in refractive index, molar refraction, and deviation in molar refraction and comparing them

with literature values. The difference between the experimental and literature values for the

above thermodynamic properties was within the experimental error. This test system was

chosen because all three parameters to be measured in this work namely: density, sound

velocity and refractive index, are reported in the literature and the comparison with the

literature data was used to validate the experimental technique. The results obtained for the

Table 1 Comparison of experimental density, q, sound velocity, u, and refractive index, n, of the pure
component with the corresponding literature values at 293.15, 298.15, 303.15, 308.15 and 313.15 K

Component T (K) q (g�cm-3) u (m�s-1) n

Expt. Lit. Expt. Expt. Lit.

Butyric acid 293.15 0.95778 0.9576 [27] 1195.5 1.39826 1.39826 [30]

1.3980 [34]

298.15 0.95282 0.9528 [27] 1176.9 1.39615 1.39615 [30]

1.3963 [34]

303.15 0.94784 0.9479 [27] 1,158.2 1.39398 1.39398 [30]

1.3950 [34]

308.15 0.94288 0.9429 [27] 1,139.7 1.39183 1.39183 [30]

1.3938 [34]

313.15 0.93791 0.9379 [27] 1,121.3 1.38969 1.38969 [30]

1.3921 [34]

Hexanoic acid 293.15 0.92729 0.9254 [27] 1,269.7 1.41687 1.4170 [34]

1.4171 [35]0.9272 [31]

298.15 0.92295 0.9212 [27] 1,251.7 1.41483 1.4156 [34]

1.4152 [35]0.9230 [31]

303.15 0.91859 0.9170 [27] 1,233.7 1.41278 1.4133 [34]

1.4134 [35]0.91832 [31]

308.15 0.91424 0.9126 [27] 1,215.8 1.41073 1.4118 [34]

1.4117 [35]0.912602 [32]

313.15 0.90989 0.9083 [27] 1,198.2 1.40866 1.4100 [34]

1.4099 [35]0.9101 [33]
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test system are reported in Table 2. The estimated error in density and sound velocity is less

than ± 1 9 10-5 g�cm-3 and ± 0.5 m�s-1, respectively. The estimated errors in excess molar

volume, isentropic compressibility, excess isentropic compressibility, deviation in refractive

index, molar refraction and deviation in molar refraction are ± 0.002 cm3�mol-1, ±

1TPa-1, ± 0.7 TPa-1, ± 0.00009, ± 0.03 cm3�mol-1, and ± 0.04 cm3�mol-11, respectively.

Densities and sound velocities of the pure components and binary mixtures were

measured using a digital vibrating-tube densimeter and sound velocity analyzer (Anton

Paar DSA 5000 M) with an accuracy of ± 0.02 K in temperature. The repeatability and

accuracy in experimental measurements have been found to be (± 2 9 10-6

and ± 5 9 10-6) g�cm-3 for density and (± 0.1 and ± 0.5) m�s-1 for the sound velocity.

The calibration for the DSA 5000 M was done with Anton Paar ultrapure water and dry air

at 298.15 K. Measurement of the refractive index of pure components and binary mixtures

were obtained by a digital automatic refractometer (Anton Paar RXA 156) with an

accuracy of ± 0.03 K in temperature. The estimated error in refractive index is less

than ± 2 9 10-5. The repeatability and accuracy in experimental measurements

is ± 4 9 10-6 and ± 2 9 10-5 for refractive index. The calibration of the RXA 156 was

done by measuring the refractive index of Anton Paar ultrapure water at 298.15 K and

checked every week. The binary mixtures were prepared gravimetrically by injecting

known masses of pure components into bottles that were stoppered to reduce evaporation

losses. The binary mixtures were placed into an automatic sampler (Xsample 452) which

was connected to the DSA 5000 M. The sample changer automatically filled the samples

from the stoppered bottles into the measuring cell to minimize evaporation losses or the

formation of bubbles. The instrument detects gas bubbles in the measuring cell by an

advanced analysis of its oscillation patterns and generates a warning message on an

external PC. After each measurement, the measuring cell was automatically rinsed and

cleaned with two rinsing liquids: ethanol and acetone, and subsequently dried. The mass of

each component of the mixture was obtained using an OHAUS mass balance with an

accuracy of 0.0001 g. The estimated error in the mole fraction is 0.0006.

Table 2 Densities, q, sound velocity, u, refractive index, n, excess molar volume, VE
m, deviation in isen-

tropic compressibility, Dju
s , and deviation in refractive index Dn, for the binary system (diethyl carbon-

ate ? ethanol) at 298.15 K

x1 q (g�cm-3) u (m�s-1) n VE
m (cm3�mol-1) Djs (TPa-1) Dn

0.0000 0.78524 1,142.8 1.35945 0.000 0.0 0.00000

0.0415 0.80030 1,145.2 1.36136 0.011 -12.8 0.00095

0.0943 0.81771 1,147.3 1.36347 0.022 -24.4 0.00185

0.1932 0.84585 1,150.9 1.36698 0.046 -38.1 0.00308

0.2929 0.86958 1,154.0 1.36981 0.071 -44.2 0.00361

0.3938 0.88996 1,156.9 1.37241 0.096 -45.0 0.00389

0.4965 0.90782 1,159.8 1.37460 0.111 -42.0 0.00371

0.5970 0.92299 1,162.8 1.37647 0.125 -36.5 0.00326

0.6924 0.93573 1,166.0 1.37805 0.127 -29.9 0.00265

0.7911 0.94758 1,169.7 1.37957 0.113 -21.9 0.00189

0.8990 0.95927 1,173.7 1.38109 0.074 -11.7 0.00093

0.9413 0.96358 1,175.0 1.38167 0.046 -7.0 0.00053

1.0000 0.96932 1,176.6 1.38249 0.000 0.0 0.00000
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3 Results and Discussion

3.1 Density and Excess Molar Volume

The density, q, of the binary system (butyric acid ? hexanoic acid) at 293.15, 298.15,

303.15, 308.15 and 313.15 K was measured over the entire composition range. The excess

molar volume, VE
m, for the binary system was calculated from the experimental density of

the mixture and the pure components using Eq. 1:

VE
m ¼

x1M1 þ x2M2

q
� x1M1

q1

� x2M2

q2

ð1Þ

where x1 and x2 are mole fractions; M1 and M2 denote molar masses; q1 and q2 are the

densities, where 1 refers to butyric acid and 2 refers to hexanoic acid, and q is the density

of the binary mixture.

Table 3 lists the q and VE
m for the binary system (butyric acid ? hexanoic acid) at

293.15, 298.15, 303.15, 308.15 and 313.15 K and shows that the q values decrease with an

increase in temperature and increase with an increase in concentration of butyric acid.

Tables 3, shows that the VE
m values for the system (butyric acid ? hexanoic acid) are

positive for all temperatures and depend more strongly on concentration than temperature.

The VE
m;max values occur at x1 = 0.5053 for the system (butyric acid ? hexanoic acid) at

all temperatures. A plot of VE
m versus composition of butyric acid for the binary system

(butyric acid ? hexanoic acid) at 313.15 K is presented in Fig. 1.

3.2 Sound Velocity, Isentropic Compressibility and Excess Isentropic Compressibility

The isentropic compressibilities, js, were calculated using the Newton–Laplace Eq. 2:

js ¼
1

q u2
ð2Þ

where q is the density and u is the sound velocity of the binary mixtures.

The deviation in isentropic compressibility, Djs /ð Þ, were calculated using Eq. 3:

Djs /ð Þ ¼ js�
XN

i

/i js;i ð3Þ

where js,i and i are the isentropic compressibility and volume fractions of the pure com-

ponent i, respectively. The volume fractions were calculated assuming ideal mixing.

The excess isentropic compressibility [37] for the binary system was calculated using

Eq. 4:

jE
s ¼ Djsð/Þ T

X

i

/i

ða�p;iÞ
2

r�p;i
�
ð
P

i /ia
�
p;iÞ

2

P
i /ir

�
p;i

" #
ð4Þ

where r�p;i ¼ Cp;m

�
Vm is the heat capacitance or heat capacity per unit volume of the

mixture; since heat capacities were not measured in this work, heat capacity values from

the literature were used or calculated from literature values at the experimental tempera-

tures [38, 39]. The thermal expansion coefficients defined as a�p;i ¼ 1=Vm(dVm=dT)p ¼
�1=q(dq=dT)p was calculated at each temperature from the experimental density [37]. The
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Table 3 Densities, q, excess molar volume, VE
m, sound velocity, u, isentropic compressibility, js, and

excess isentropic compressibility, jE
s , for the binary system (butyric acid ? hexanoic acid) at 293.15,

298.15, 303.15, 308.15 and 313.15 K

x1 q (g�cm-3) VE
m (cm3�mol-1) u (m�s-1) js (TPa-1) jE

s (TPa-1)

T = 293.15 K

0.0000 0.92729 0.000 1269.7 669 0.0

0.0537 0.92848 0.005 1,266.5 671 -8.8

0.1058 0.92966 0.010 1,263.1 674 -15.6

0.2060 0.93204 0.018 1,256.6 679 -25.8

0.3065 0.93456 0.026 1,250.0 685 -32.2

0.4058 0.93723 0.030 1,243.2 690 -35.5

0.5053 0.94010 0.031 1,236.1 696 -35.7

0.6039 0.94316 0.027 1,228.7 702 -33.3

0.7045 0.94652 0.020 1,220.8 709 -28.4

0.8080 0.95021 0.012 1,212.4 716 -20.9

0.9067 0.95398 0.005 1,204.0 723 -11.3

1.0000 0.95778 0.000 1,195.5 730 0.0

T = 298.15 K

0.0000 0.92295 0.000 1,251.7 692 0.0

0.0537 0.92411 0.004 1,248.6 694 -8.9

0.1058 0.92526 0.010 1,245.0 697 -15.6

0.2060 0.92759 0.018 1,238.7 703 -26.1

0.3065 0.93006 0.026 1,232.0 708 -32.6

0.4058 0.93268 0.030 1,225.3 714 -36.0

0.5053 0.93549 0.030 1,217.9 721 -36.1

0.6039 0.93849 0.027 1,210.4 727 -33.7

0.7045 0.94178 0.019 1,202.5 734 -28.7

0.8080 0.94540 0.012 1,194.0 742 -21.1

0.9067 0.94910 0.005 1,185.6 750 -11.6

1.0000 0.95282 0.000 1,176.9 758 0.0

T = 303.15 K

0.0000 0.91859 0.000 1,233.7 715 0.0

0.0537 0.91973 0.004 1,230.6 718 -9.0

0.1058 0.92086 0.010 1,227.0 721 -15.8

0.2060 0.92314 0.017 1,220.6 727 -26.3

0.3065 0.92557 0.025 1,213.8 733 -32.9

0.4058 0.92813 0.029 1,207.0 740 -36.4

0.5053 0.93088 0.030 1,199.6 746 -36.4

0.6039 0.93382 0.027 1,192.1 754 -34.0

0.7045 0.93704 0.019 1,184.1 761 -29.0

0.8080 0.94059 0.012 1,175.5 769 -21.4

0.9067 0.94421 0.004 1,167.0 778 -11.8

1.0000 0.94784 0.000 1,158.2 786 0.0

T = 308.15 K

0.0000 0.91424 0.000 1,215.8 740 0.0

0.0537 0.91536 0.004 1,212.7 743 -9.1
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results for sound velocity, u, isentropic compressibility, js, and excess isentropic com-

pressibility, jE
s , for the binary system (butyric acid ? hexanoic acid) at 293.15, 298.15,

303.15, 308.15 and 313.15 K are presented in Table 3. The sound velocity data provides

information about interactions in a mixture [40]. The sound velocity decreases with

increases in temperature and concentration.

The isentropic compressibility values js increase with an increase in temperature at a

fixed composition, due to an increase in thermal agitation making the solution more

compressible [41]. For the binary system (butyric acid ? hexanoic acid), the js values

increase with an increase in concentration of the butyric acid at a fixed temperature.

The values of jE
s are negative. In general the jE

s values decrease with an increase in

temperature at a fixed composition. The jE
s;min values occur at x1 = 0.5053, at all

temperatures.

3.3 Refractive Index, Deviation in Refractive Index, Molar Refraction and Deviation

in Molar Refraction

The deviation in refractive index, Dn(/), was calculated using Eq. 5:

Table 3 continued

x1 q (g�cm-3) VE
m (cm3�mol-1) u (m�s-1) js (TPa-1) jE

s (TPa-1)

0.1058 0.91646 0.010 1,209.0 746 -15.9

0.2060 0.91870 0.017 1,202.6 753 -26.5

0.3065 0.92107 0.025 1,195.8 759 -33.2

0.4058 0.92358 0.029 1,188.9 766 -36.7

0.5053 0.92627 0.030 1,181.5 773 -36.8

0.6039 0.92915 0.027 1,173.9 781 -34.4

0.7045 0.93231 0.019 1,165.8 789 -29.3

0.8080 0.93578 0.012 1,157.1 798 -21.6

0.9067 0.93932 0.004 1,148.5 807 -11.9

1.0000 0.94288 0.000 1,139.7 817 0.0

T = 313.15 K

0.0000 0.90989 0.000 1,198.2 766 0.0

0.0537 0.91098 0.004 1,195.0 769 -9.2

0.1058 0.91206 0.009 1191.3 773 -16.0

0.2060 0.91425 0.017 1,184.8 779 -26.7

0.3065 0.91657 0.025 1,177.9 786 -33.5

0.4058 0.91903 0.029 1,171.0 793 -37.0

0.5053 0.92167 0.030 1,163.5 801 -37.2

0.6039 0.92448 0.026 1,155.8 810 -34.7

0.7045 0.92757 0.019 1,147.7 819 -29.6

0.8080 0.93097 0.011 1,138.9 828 -21.9

0.9067 0.93444 0.003 1,130.3 838 -12.1

1.0000 0.93791 0.000 1,121.3 848 0.0
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Dn /ð Þ ¼ n� nid /ð Þ ð5Þ

where n is the measured refractive index of the mixtures.

The nid /ð Þ was calculated from volume fractions [42] using Eq. 6:

nid /ð Þ ¼ /1 n
1
þ/2 n

2
: ð6Þ

Therefore,

Dn /ð Þ ¼ n� /1n1 � /2n2 ð7Þ

where n1 and n2 are the refractive indices, and where 1 refers to butyric acid and 2 refers to

hexanoic acid. The results for refractive index, n, and deviation in refractive index, Dn(/),

for the binary system (butyric acid ? hexanoic acid) at 293.15, 298.15, 303.15, 308.15 and

313.15 K are presented in Table 4 and plotted in Fig. 2. Table 4 shows that the n values

decrease with an increase in the temperature and concentration. The Dn(/) values are

negative at all temperatures. In general the Dn(/) values increase very slowly with an

increase in temperature. The Dn(/)min values occur at x1 = 0.5053 for (butyric

acid ? hexanoic acid) at all temperatures.

The molar refraction, R, was calculated using the Lorentz–Lorenz equation [43] given

below:

R ¼ n2�1

n2þ2

� �
Vm ð8Þ

where Vm is the molar volume of the mixture. The results for the molar refraction, R, for

the binary system (butyric acid ? hexanoic acid) at 293.15, 298.15, 303.15, 308.15 and

313.15 K are presented in Table 4. This shows that the polarizability of the butyric

acid ? hexanoic acid system decreases with an increase in concentration of butyric acid.

The molar refraction only depends on concentration and is only slightly affected by

temperature [44].

Fig. 1 Excess molar volumes, VE
m, for the binary system (butyric acid ? hexanoic acid) against mole

fraction of butyric acid at 313.15 K (open diamond). The solid lines were generated using Redlich–Kister
curve-fitting
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Table 4 Refractive index, n, deviation of refractive index, Dn(/), molar refraction, R, and deviation in
molar refraction DR(/), for the binary system (butyric acid ? hexanoic acid) at 293.15, 298.15, 303.15,
308.15 and 313.15 K

x1 n Dn(/) R (cm3�mol-1) DR(/) (cm3�mol-1)

T = 293.15 K

0.0000 1.41687 0.00000 31.49 0.00

0.0537 1.41609 -0.00003 30.99 -0.13

0.1058 1.41532 -0.00007 30.51 -0.24

0.2060 1.41379 -0.00010 29.58 -0.43

0.3065 1.41217 -0.00014 28.65 -0.57

0.4058 1.41050 -0.00016 27.73 -0.67

0.5053 1.40873 -0.00016 26.81 -0.71

0.6039 1.40689 -0.00015 25.89 -0.70

0.7045 1.40490 -0.00013 24.96 -0.63

0.8080 1.40273 -0.00008 24.00 -0.49

0.9067 1.40052 -0.00003 23.08 -0.27

1.0,000 1.39826 0.00000 22.22 0.00

T = 298.15 K

0.0000 1.41483 0.00000 31.51 0.00

0.0537 1.41406 -0.00002 31.01 -0.13

0.1058 1.41328 -0.00006 30.52 -0.24

0.2060 1.41175 -0.00009 29.59 -0.43

0.3065 1.41012 -0.00013 28.66 -0.57

0.4058 1.40844 -0.00015 27.74 -0.66

0.5053 1.40667 -0.00015 26.82 -0.71

0.6039 1.40481 -0.00015 25.90 -0.70

0.7045 1.40282 -0.00012 24.97 -0.63

0.8080 1.40064 -0.00007 24.01 -0.49

0.9067 1.39841 -0.00003 23.09 -0.27

1.0000 1.39615 0.00000 22.23 0.00

T = 303.15 K

0.0000 1.41278 0.00000 31.52 0.00

0.0537 1.41200 -0.00002 31.02 -0.13

0.1058 1.41123 -0.00005 30.54 -0.24

0.2060 1.40968 -0.00009 29.60 -0.43

0.3065 1.40804 -0.00013 28.67 -0.57

0.4058 1.40635 -0.00014 27.75 -0.66

0.5053 1.40457 -0.00014 26.83 -0.71

0.6039 1.40271 -0.00014 25.91 -0.70

0.7045 1.40070 -0.00011 24.98 -0.63

0.8080 1.39850 -0.00007 24.02 -0.48

0.9067 1.39626 -0.00003 23.10 -0.27

1.0000 1.39398 0.00000 22.23 0.00

T = 308.15 K

0.0000 1.41073 0.00000 31.53 0.00

0.0537 1.40995 -0.00002 31.03 -0.13

J Solution Chem (2014) 43:787–803 795

123



The deviation in molar refraction, DR(/), was calculated using Eq. 9:

DR /ð Þ ¼ R� Rid /ð Þ ð9Þ

The Rid(/) was calculated from volume fractions [42] using Eq. 10:

R
id /ð Þ ¼ /1 R1

þ/2 R2
ð10Þ

Therefore,

DR /ð Þ ¼ R� /1R1 � /2R2 ð11Þ

where R1 and R2 are the molar refraction, where 1 refers to butyric acid and 2 refers to

hexanoic acid. The results for deviation in molar refraction, DR(/), for the binary system

(butyric acid ? hexanoic acid) at 293.15, 298.15, 303.15, 308.15 and 313.15 K are pre-

sented in Table 4. This, shows that the values of DR(/) are negative. The DR(/) values

also show characteristic nonlinear behavior.

4 Correlation of Derived Properties

The Redlich–Kister equation [45] was fitted to the VE
m, jE

s , Dn(/) and DR(/) data and is

given below:

Table 4 continued

x1 n Dn(/) R (cm3�mol-1) DR(/) (cm3�mol-1)

0.1058 1.40917 -0.00004 30.55 -0.24

0.2060 1.40762 -0.00008 29.62 -0.42

0.3065 1.40598 -0.00012 28.68 -0.57

0.4058 1.40428 -0.00014 27.76 -0.66

0.5053 1.40249 -0.00014 26.84 -0.71

0.6039 1.40061 -0.00013 25.92 -0.70

0.7045 1.39859 -0.00011 24.99 -0.63

0.8,080 1.39639 -0.00006 24.03 -0.48

0.9067 1.39413 -0.00002 23.11 -0.27

1.0000 1.39183 0.00000 22.24 0.00

T = 313.15 K

0.0000 1.40867 0.00000 31.54 0.00

0.0537 1.40789 -0.00002 31.04 -0.13

0.1058 1.40711 -0.00004 30.56 -0.24

0.2060 1.40554 -0.00008 29.63 -0.42

0.3065 1.40389 -0.00012 28.69 -0.57

0.4058 1.40219 -0.00013 27.77 -0.66

0.5053 1.40039 -0.00013 26.85 -0.71

0.6039 1.39851 -0.00013 25.93 -0.70

0.7045 1.39647 -0.00011 25.00 -0.63

0.8080 1.39426 -0.00006 24.04 -0.48

0.9067 1.39200 -0.00002 23.12 -0.27

1.0000 1.38969 0.00000 22.25 0.00
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X ¼ x1x2

Xk

i¼1

Ai 1� 2x1ð Þi�1 ð12Þ

where X is the excess molar volume, VE
m, or excess isentropic compressibility, jE

s , or

deviation in refractive index, Dn(/) or deviation in molar refraction, DR(/). The coeffi-

cients of Ai are the parameters that were obtained by fitting the equation to the experi-

mental data with a least-squares method using the commercial software (MathCAD).

The standard deviation r is defined as:

rðXÞ ¼
XN

i¼1

Xexpt�Xcalc

� �2

ðN � kÞ

" #1=2

ð13Þ

where N is the number of experimental points and k is the number of coefficients used in

the Redlich–Kister equation. Redlich–Kister parameters, Ai, determined by fitting Eq. 12 to

the experimental data together with the standard deviation, r, for the binary system

(butyric acid ? hexanoic acid) at 293.15, 298.15, 303.15, 308.15 and 313.15 K are pre-

sented in Table 5. The excess molar volume, VE
m, and deviation in refractive index, Dn(/),

were fitted with the four-parameter Redlich–Kister equation and jE
s and DR(/) were fitted

with a five-parameter Redlich–Kister equation.

The Lorentz–Lorenz (L–L) approximation [46] was also used to correlate the binary

data of VE
m and is given below:

VE
m ¼ �Dnð Þ

3R nid þ n
� �

n2 � 1ð Þ nid½ �2�1
� � ¼ �Dnð Þf R; nid; n

� �
ð14Þ

VE
m was calculated from Dn(/) using Eq. 14, from pure component densities and

refractive indices. In this work nid was calculated from volume fraction instead of mole

Fig. 2 Deviation in refractive index, Dn(/), for the binary system (butyric acid ? hexanoic acid) against
mole fraction of butyric acid at 293.15 K (black diamond), 298.15 K (black square), 303.15 K (black up-
pointing triangle), 308.15 K (black circle) and 313.15 K (open diamond). The solid lines were generated
using Redlich–Kister curve-fitting
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fraction and gives good, consistent results for VE
m [42, 46]. The experimental VE

m and Dn(/)

are plotted in Figs. 1 and 2. These show that there is a strong correlation between VE
m and

Dn(/), i.e. positive VE
m corresponds to negative Dn(/) [46]. Also, the maximum or min-

imum of both the properties occur at the same mole fraction [46]. The standard deviation

(r) between the correlated VE
m and experimental VE

m data are presented in Table 6. These

results also show that there is very good correlation of VE
m.

Table 5 Coefficients Ai, and standard deviations, r, obtained for the (butyric acid ? hexanoic acid) at
different temperatures for the Redlich–Kister equation

T (K) A0 A1 A2 A3 A4 r

VE
m (cm3�mol-1) 293.15 0.122 0.028 -0.069 -0.001 – 0.0005

298.15 0.120 0.035 -0.068 -0.017 – 0.0006

303.15 0.119 0.023 -0.074 0.009 – 0.0007

308.15 0.119 0.023 -0.073 0.009 – 0.0007

313.15 0.119 0.027 -0.085 0.007 – 0.0003

jE
s (TPa-1) 293.15 -143.1 -19.0 -5.9 -1.8 -8.0 0.1

298.15 -145.0 -20.5 -3.9 2.5 -11.4 0.1

303.15 -146.3 -20.7 -4.0 3.6 -13.3 0.1

308.15 -147.9 -20.2 -2.8 2.7 -14.4 0.1

313.15 -149.2 -20.2 -2.3 3.8 -16.3 0.1

Dn(/) 293.15 -0.00065 -0.00001 0.00019 -0.00026 – 0.00001

298.15 -0.00,063 0.00000 0.00027 -0.00019 – 0.00001

303.15 -0.00059 -0.00007 0.00022 -0.00002 – 0.00000

308.15 -0.00058 -0.00004 0.00036 -0.00009 – 0.00000

313.15 -0.00056 -0.00001 0.00030 -0.00014 – 0.00001

DR(/) (cm3�mol-1) 293.15 -2.83 0.43 -0.14 -0.02 0.12 0.01

298.15 -2.82 0.46 -0.22 -0.08 0.20 0.01

303.15 -2.83 0.44 -0.11 -0.10 0.09 0.01

308.15 -2.84 0.46 0.01 -0.10 -0.08 0.01

313.15 -2.84 0.46 0.01 -0.10 -0.08 0.01

Table 6 Standard deviation, r, between the experimental and correlated excess molar volumes, VE
m, and

also between the experimental and the predicted density, q, or refractive index, n, of the binary systems at
different temperatures

Properties r (VE
m, q and n)

T (K) 293.15 298.15 303.15 308.15 313.15

VE
m (cm3�mol-1) 0.006 0.005 0.004 0.003 0.003

q (g�cm-3) 0.00005 0.00005 0.00006 0.00005 0.00004

n 0.00002 0.00,002 0.00003 0.00002 0.00002
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5 Predictions of Physical Properties

5.1 Prediction of Density

The framework of the Lorentz–Lorenz approximation is also helpful for predicting the

density or refractive index data. The predictive expression for q can be obtained within the

framework of the Lorentz–Lorenz approximation [46]:

q ¼
n2 �1
n2 þ2

� �
x1 M1þ x2 M2ð Þ

n2
1
�1

n2
1
þ2

� �
x1 M1

q1
þ n2

2
�1

n2
2
þ2

� �
x2 M2

q2

ð15Þ

The standard deviation (r) between the measured densities and those predicted by

Eq. 15 are presented in Table 6. The maximum standard deviation between the measured

density and the predicted density of the mixtures is 0.00006 g�cm-3. The standard devi-

ation shows that densities predicted from the refractive indices agree well with the

experimental values.

5.2 Prediction of Refractive Index

The inverse predictive expression for n can be obtained from Eq. 15 within the framework

of the Lorentz–Lorenz approximation [46]:

n ¼
2

n2
1
�1

n2
1
þ2

� �
x1 q M1

q1
þ x2

n2
2
�1

n2
2
þ2

� �
q M2

q2

h i
þ x1 M1þ x2 M2½ �

x1 M1þ x2 M2½ � � n2
1
�1

n2
1
þ2

� �
x1 q M1

q1
þ x2

n2
2
�1

n2
2
þ2

� �
q M2

q2

	 


0
BB@

1
CCA

1=2

ð16Þ

Equation 16 was used to predict refractive indices. The standard deviations (r) between

measured and predicted refractive indices are presented in Table 6. The maximum root

mean square deviation is 0.00003. The standard deviation (r) values show that the

refractive indices predicted from the densities are also in excellent agreement with the

experimental values. These results confirm that the Lorentz–Lorenz approximation is the

most suitable equation for the prediction of density from the refractive index or refractive

index from density.

6 Mixing Rules for Sound Velocity

Four sound velocity mixing rules were used to calculate the sound velocity of the binary

mixtures from pure component data. The mixing rules applied here are the equations of

Rao [47], Eq. 17, Wada [48], Eq. 18, Nomoto [49], Eq. 19, and Berryman [50], Eq. 20.

The standard deviations calculated between experimental sound velocities and those cal-

culated from the different mixing rules are presented in Table 7. These results show that

the sound velocities calculated from the different mixing rules are quite good but the best

results are obtained from the Berryman mixing rule. The largest standard deviation is

0.9 m�s-1. The sound velocities calculated from the four sound velocity mixing rules used

are given below:
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u1=3
Vm ¼

X2

i¼1

u
1=3
i xi Vi

) u ¼
X2

i¼1

u
1=3
i xi Vi=Vm

 !3 ð17Þ

j�1=7
s Vm ¼

X2

i¼1

j�1=7
s;i xi Vi

) u ¼
X2

i¼1

u
2=7
i q1=7

i xi Vi

.
q1=7

Vm

� � !7=2 ð18Þ

u ¼
X2

i¼1

ui u
1=3
i

 !3

ð19Þ

js ¼
X2

i¼1

ui js;i

) u ¼ q
X2

i¼1

ui js;i

 !�1=2 ð20Þ

where Vi, ui, xi, and qi are the molar volume, sound velocity, mole fractions and density of

the pure component i, respectively.

7 Conclusions

In this paper density, sound velocity, and refractive index were measured over the entire

composition range and at 293.15, 298.15, 303.15, 308.15 and 313.15 K for the binary

system (butyric acid ? hexanoic acid). Excess molar volume, isentropic compressibility,

excess isentropic compressibility, deviation in refractive index, molar refraction and

deviation in molar refraction were also calculated. The Redlich–Kister equation was used

to fit the excess molar volume, excess isentropic compressibility, deviation in refractive

index and deviation in molar refraction data. The Lorentz–Lorenz approximation was used

to correlate the excess molar volume from the deviation in refractive index and to also

predict the density from refractive index or the refractive index from density of the binary

mixtures. Four sound velocity mixing rules were tested and the best result was obtained

Table 7 Standard deviation, r, in sound velocity, u, at different temperatures for the studied mixing rules

Name r(u)

T (K) 293.15 298.15 303.15 308.15 313.15

Rao 1.0 0.9 0.9 0.9 0.8

Wada 1.0 0.9 0.8 0.8 0.8

Nomoto 1.0 0.9 0.9 0.9 0.8

Berryman 0.5 0.4 0.4 0.3 0.3
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from the Berryman mixing rule. The excess molar volumes are positive and excess isen-

tropic compressibility, deviation in refractive index and deviation in molar refraction are

negative.
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35. Rubio, J.E.F., Arsuaga, J.M., Taravillo, M., Cáceres, M.: Refractive index temperature and wavelength

dependencies of normal saturated fatty acids in liquid state. Exp. Thermal Fluid Sci. 29, 681–684 (2005)
36. Rodrı́guez, A., Canosa, J., Tojo, J.: Density, refractive index, and speed of sound of binary mixtures

(diethyl carbonate ? alcohols) at several temperatures. J. Chem. Eng. Data 46, 1506–1515 (2001)
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