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CHAPTER VII 

 

Thermophysical properties of the binary mixtures of cyclohexane with 

some esters
*
 

 
7.1. Introduction 

 Instead of a single pure solvent, solvent mixtures containing two or more 

solvents often provide a wide range of mixtures with varied compositions, which are 

optimizable for specific chemical engineering purposes like chemical separation, heat 

transfer, mass transfer and fluid flow, etc. This necessitates a prior knowledge of the 

physico-chemical properties of such liquid mixtures at hand and so systematic studies 

on thermodynamic and transport properties of binary liquid mixtures such as density, 

viscosity and speed of sound, etc., were being used as tools for understanding 

intermolecular interactions and the structural properties of the liquid-liquid mixtures.1 

This is because local structure and macroscopic properties of liquids/liquid mixtures 

are determined by the interactions operative within the molecules involved.2 Excess 

molar volumes ( E
mV ), viscosities deviations ( η∆ ), excess isentropic compressibility 

( E
Sκ ), etc., are frequently being used to understand the intermolecular forces in liquid-

liquid mixtures and thus help in the elucidation of their behavior with a purpose of 

developing theoretical models for their description and simulation processes.3,4 

Cyclohexane (CH) is a non-polar, unassociated, inert hydrocarbon with 

globular structure.5 It is used as a raw material for the industrial production of two 

important intermediates (viz., adipic acid and caprolactam) used in the production of 

nylon. Esters exist as a dipolar associates in their pure state.6 Both the aliphatic esters 

methyl acetate (MA) and ethyl acetate (EA) are commonly used solvents in glues, nail 

polish remover, etc.  Ethyl acetate (EA) is used to decaffeinate coffee beans and tea 

leaves. Methyl salicylate (MS) is a phenolic ester having strong intramolecular 

hydrogen bond between its hydroxyl and carbonyl group7 and is used for relieving 

muscle aches and pains when applied externally to the affected area. Previously 

Rathnam et al.
8 studied the binary mixture of CH with EA in terms of viscosity 

parameters at 313.15 K and Roy et al.
9 studied the binary and ternary mixtures of CH 

with MA and EA at 298.15 K. However, there is lack of comprehensive data on the 

binary mixtures studied in this chapter and studies on the molecular interactions 
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between these liquids in terms of various excess or deviation properties are 

insufficient in the literature. Furthermore, a quantitative estimation of different 

contributions (i.e., interaction contribution, free volume contribution and internal 

pressure contribution) based on PFP theory10, 11 to the excess molar volumes ( E
mV ) of 

the selected binary mixtures is rare in the literature. Hence herein the present chapter 

the binary mixtures of cyclohexane (CH) with methyl acetate (MA), ethyl acetate 

(EA) and methyl salicylate (MS) were studied at 298.15, 308.15 and 318.15 K under 

ambient pressure with a view to unravel the nature of molecular interactions in these 

mixtures in terms of various excess or deviation properties derived from the 

experimental ( ρ , η , u  and Dn ) data. Also a comparison between the experimental 

and calculated E
mV  and η  values (based on PFP10,11 or Bloomfield-Dewan viscosity 

model12 and PREOS13) were made for the studied binary systems. Moreover, solution 

viscosities, ultrasonic speeds of sound and refractive indices for all the binary 

mixtures were theoretically predicted using several empirical and semi-empirical 

relations/models.  

7.2. Experimental section  

7.2.1. Materials 

All the chemicals used in this work were purchased from Sigma-Aldrich, 

Germany (Reagent Plus, purity > 99%) and were used as received from the vendor. 

Purity of the solvents was ascertained by GLC and also by comparing their densities 

and viscosities at the experimental temperatures with the available literature data,14-25 

as shown in Table 7.1.  

7.2.2. Apparatus and procedure 

The binary mixtures were prepared by mass in specially designed air-tight 

bottles with stopper inside a dry box at 298.15 K. Actually for each binary system a 

set of nine binary mixtures were prepared afresh before use with mole fractions 

varying from 0.1 to 0.9. The uncertainty in mole fraction was evaluated to be 

± 0.0002. The densities ( ρ ) were measured with a vibrating-tube density meter 

(Anton Paar, DMA 4500M) calibrated at the experimental temperatures with doubly 

distilled, degassed water and dry air under atmospheric pressure.  
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Table 7.1. Densities (ρ) and viscosities (η) of the pure liquids at T = (298.15-318.15) K 

 
Pure 
Liquid 

T (K) )m(kg

10
3

3

−

−

⋅

⋅ρ
 

s)mPa( ⋅

η
 

Expt. Lit. Expt. Lit. 

CH 
 

298.15 0.77384 

0.773714 
0.7739215 
0.773916 
0.774017 

0.8927 
0.885914 
0.89216 

308.15 0.76433 0.7644315 0.7748 0.77417 
318.15 0.75473 0.7547115 0.6620  

MA 
298.15 0.92681 0.926818 

0.926119 
0.3809 0.38418 

0.379819 
308.15 0.91524 0.915220,21 0.3491 0.34920 
318.15 0.90225 0.902221 0.3132 0.313 21 

EA 
 

298.15 0.89455 
0.894820 
0.894521 

0.8944422 
0.4262 

0.43020 
0.42921 
0.42722 

308.15 0.88267 
0.882720 
0.882121 
0.882623 

0.3874 
0.38720 
0.38421 

318.15 0.86994 
0.869221 

0.8699722 
0.869623 

0.3564 0.35321 
0.35622 

MS 
298.15 1.17931 

1.17933624 
1.178225 

1.5358 1.53525 

308.15 1.16931 1.16936724 1.4024  
318.15 1.15942 1.15940524 1.3027  

 

The stated repeatability and accuracy of the densities were 35 cmg101 −− ⋅×±  and 

35 cmg105 −− ⋅×± , respectively. Viscosities (η ) were measured by means of a 

suspended Canon-type Ubbelhode viscometer, placed vertically in a glass sided 

thermostat at a desired experimental temperature for the attainment of thermal 

equilibrium. The flow times of the liquids or liquid mixtures were measured with a 

digital stopwatch correct ± 0.01s. Ultrasonic speeds of sound (u) were measured a 

single crystal variable-path ultrasonic interferometer (Mittal Enterprise, New Delhi, 

F-05) working at 2 MHz. It was calibrated with triply distilled, degassed water and 

methanol maintained at T = (298.15 ± 0.01) K by circulating thermostated water 

around the jacketed cell (2 MHz) filled with the experimental liquids. The uncertainty 

of the ultrasonic speeds was around ±0.2 m s-1. Refractive indices were measured with 

an Abbe's refractometer, calibrated with triply distilled, degassed water and purified 

methanol maintained at T = (298.15 ± 0.01) K.  The estimated uncertainty in the 
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refractive indices was ± 0.0002 units. In all determinations, an average of triplicate 

measurements was taken into consideration and adequate precautions were taken to 

minimize evaporation losses during the measurements. The details of the calibration 

and measurement techniques have been described in chapter III.  

7.3. Results and discussion 

The experimental densities ( ρ ), viscosities ( η ), excess molar volumes ( E
mV ) 

and viscosity deviations ( η∆ ) of the binary mixtures at the experimental temperatures 

are listed in Table 7.2.  

7.3.1. Excess molar volumes 

Excess molar volume is a thermodynamic function sensitive to change of 

structure (i.e., order) or randomness during the mixing process. Excess molar volumes 

( E
mV ) can be had from the equation:  

)1()/1/1(
2

1i
iii

E
m ∑

=

−= ρρMxV
 

where ρ  is the density of the mixture and ix , iM  and iρ  are the mole fraction, molar 

mass and density of ith component in the mixture, respectively. The estimated 

uncertainty for excess molar volumes ( E
mV ) was evaluated to be ± 0.005 -13  molcm ⋅ . 

Figure 7.1 ( E
mV  versus 1x at 298.15 K) illustrate that the excess molar volumes ( E

mV ) 

for the (CH + MS) mixture show a slight sigmoid variation with positive E
mV  values at 

lower mole fractions of CH ( 2294.01 ≤x ) but with negative E
mV  values at CH rich 

regions ( 229.01 ≥x 4); however, E
mV  values for the mixtures (CH + MA) and (CH + 

EA) are positive over the entire composition range at all the experimental 

temperatures. The excess molar volumes ( E
mV ) may be discussed in terms of several 

effects: physical, chemical and geometrical contributions. The physical interactions 

result in volume expansion and involve mainly the dispersion forces and non-specific 

interactions in the mixtures and thus contribute to positive E
mV values. The chemical or 

specific interactions result in volume contraction and involve hydrogen bond 

formation, charge transfer type forces and other complex forming interactions 

between dissimilar species in the mixtures and thus contribute to negative E
mV values. 
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Table 7.2. Density ( ρ ), viscosity ( η ), excess molar volume ( E
mV ) and viscosity deviation 

( η∆ ) for the binary mixtures studied at T = (298.15 to 318.15) K 
 

x1 
)m(kg

10
3

3

−

−

⋅

⋅ρ  
s)mPa( ⋅

η
 

)mol(m

10
13

6E
m

−⋅

⋅V
 

s)mPa( ⋅

∆η  

CH (1) + MA (2) 
T = 298.15 K 

0 0.92681 0.3810 0 0 
0.0754 0.90732 0.3938 0.380 -0.012 
0.1551 0.88781 0.4094 0.800 -0.025 
0.2393 0.86932 0.4285 1.160 -0.039 
0.3286 0.85192 0.4517 1.440 -0.052 
0.3700 0.84477 0.4641 1.510 -0.058 
0.5241 0.82097 0.5242 1.630 -0.071 
0.6314 0.80660 0.5808 1.600 -0.071 
0.7460 0.79358 0.6568 1.389 -0.062 
0.8686 0.78244 0.7579 0.900 -0.040 

1 0.77384 0.8927 0 0 
T = 308.15 K 

0 0.91524 0.3491 0 0 
0.0754 0.89370 0.3520 0.601 -0.019 
0.1551 0.87433 0.3605 1.051 -0.034 
0.2393 0.85607 0.3714 1.430 -0.051 
0.3286 0.83895 0.3876 1.722 -0.066 
0.3700 0.83151 0.3965 1.841 -0.072 
0.5241 0.80796 0.4395 1.997 -0.091 
0.6314 0.79386 0.4817 1.974 -0.096 
0.7460 0.78118 0.5432 1.756 -0.090 
0.8686 0.77086 0.6352 1.182 -0.062 

1 0.76433 0.7748 0 0 
T = 318.15 K 

0 0.90225 0.3132 0 0 
0.0754 0.87878 0.3057 0.840 -0.026 
0.1551 0.85971 0.3094 1.320 -0.042 
0.2393 0.84136 0.3155 1.771 -0.059 
0.3286 0.82490 0.3228 2.050 -0.078 
0.3700 0.81769 0.3297 2.171 -0.083 
0.5241 0.79500 0.3556 2.310 -0.108 
0.6314 0.78152 0.3889 2.260 -0.113 
0.7460 0.76950 0.4386 2.000 -0.109 
0.8686 0.75971 0.5201 1.390 -0.080 

1 0.75473 0.6620 0 0 
CH (1) + EA (2) 

T = 298.15 K 
0 0.89455 0.4262 0 0 

0.0914 0.88047 0.4475 0.227 -0.008 
0.1845 0.86626 0.4640 0.480 -0.024 
0.2795 0.85214 0.4872 0.737 -0.037 
0.3764 0.83873 0.5162 0.919 -0.047 
0.4200 0.83290 0.5284 0.987 -0.053 
0.5759 0.81413 0.5909 1.025 -0.061 
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0.6787 0.80289 0.6462 0.941 -0.058 
0.7836 0.79243 0.7107 0.746 -0.050 
0.8907 0.78304 0.7925 0.395 -0.031 

1 0.77384 0.8927 0 0 
T = 308.15 K 

0 0.88267 0.3874 0 0 
0.0914 0.86805 0.3981 0.325 -0.015 
0.1845 0.85376 0.4108 0.627 -0.029 
0.2795 0.83972 0.4277 0.914 -0.042 
0.3764 0.82515 0.4456 1.283 -0.057 
0.4200 0.82079 0.4560 1.182 -0.062 
0.5759 0.80223 0.5029 1.248 -0.075 
0.6787 0.79137 0.5436 1.145 -0.076 
0.7836 0.78153 0.6009 0.896 -0.066 
0.8907 0.77239 0.6752 0.534 -0.043 

1 0.76433 0.7748 0 0 
T = 318.15 K 

0 0.86994 0.3564 0 0 
0.0914 0.85474 0.3592 0.443 -0.018 
0.1845 0.84042 0.3635 0.802 -0.036 
0.2795 0.82682 0.3725 1.086 -0.051 
0.3764 0.81389 0.3834 1.297 -0.066 
0.4200 0.80830 0.3882 1.374 -0.074 
0.5759 0.79017 0.4202 1.455 -0.089 
0.6787 0.77936 0.4487 1.389 -0.094 
0.7836 0.76955 0.4913 1.175 -0.088 
0.8907 0.76152 0.5586 0.690 -0.060 

1 0.75473 0.6620 0 0 
CH (1) + MS (2) 

T = 298.15 K 
0 1.17931 1.5358 0 0 

0.1168 1.13610 1.4367 0.281 -0.005 
0.2294 1.09741 1.3549 0.060 -0.001 
0.3379 1.06052 1.2856 -0.370 0.007 
0.4425 1.02285 1.2236 -0.719 0.016 
0.4878 1.00603 1.1969 -0.873 0.018 
0.6411 0.94605 1.1096 -1.281 0.025 
0.7353 0.90552 1.0554 -1.309 0.025 
0.8265 0.86273 1.0015 -1.052 0.021 
0.9146 0.81950 0.9473 -0.707 0.012 

1 0.77384 0.8927 0 0 
T = 308.15 K 

0 1.16931 1.4024 0 0 
0.1168 1.12552 1.3008 0.342 -0.008 
0.2294 1.08606 1.2194 0.200 -0.004 
0.3379 1.04900 1.1489 -0.221 0.001 
0.4425 1.01121 1.0892 -0.559 0.011 
0.4878 0.99471 1.0639 -0.752 0.014 
0.6411 0.93462 0.9777 -1.141 0.019 
0.7353 0.89413 0.9256 -1.159 0.019 
0.8265 0.85231 0.8744 -1.002 0.016 
0.9146 0.80851 0.8249 -0.547 0.010 

1 0.76433 0.7748 0 0 
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T = 318.15 K 
0 1.15942 1.3027 0 0 

0.1168 1.11418 1.1942 0.502 -0.009 
0.2294 1.07371 1.1084 0.469 -0.007 
0.3379 1.03673 1.0344 0.028 -0.002 
0.4425 0.99954 0.9721 -0.388 0.007 
0.4878 0.98303 0.9471 -0.583 0.011 
0.6411 0.92305 0.8612 -0.982 0.017 
0.7353 0.88228 0.8087 -0.948 0.017 
0.8265 0.84081 0.7571 -0.812 0.013 
0.9146 0.79715 0.7086 -0.337 0.007 

1 0.75473 0.6620 0 0 
 

 

Fig. 7.1. Excess molar volume ( E
mV ) versus mole fraction of CH (x1) for the binary mixtures 

of CH + some esters at T = 298.15 K. Symbols: □, MA; ○, EA; ∆, MS. 

 

Structural/geometrical contributions arising from the variation of molecular packing 

due to interstitial accommodation of one component into other owing to difference in 

free volume and molar volume of the components also contributes to negative E
mV  

values. Esters can exist as dipolar associates and an approximate estimate about the 

nature and the strength of molecular interactions between similar ester molecules can 

be had from the knowledge of their dipole moments ( Dµ ). Dipole moment of 

different components26 used has the order: )00.0(CHD,µ  < )72.1(MAD,µ  < 

)78.1(EAD,µ < )47.2(MSD,µ  in Debye. Hence a comparison of the Dµ  values reveals 
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that the intermolecular interactions should be least in the mixture (CH + MA) and 

highest for the mixture (CH + MS). Thus the expected order of molecular interactions 

(based on dipole-induced dipole interactions) between the unlike components of the 

binary mixtures is: (CH + MS) > (CH + EA) > (CH + MA). If the interactions 

between dissimilar molecules are less than those between similar molecules the 

excess molar volume ( E
mV ) will be positive. Therefore, the observed positive E

mV  

values for the mixtures (CH + MA) and (CH + EA) over the entire composition range 

indicated breaking up of liquid order on mixing and dispersion interactions between 

dissimilar components in these mixtures led to volume expansion. Dispersion 

interaction may arise from breaking of dipole-dipole cohesive forces present between 

similar molecules (ester-ester) on addition of CH to the esters studied. Similarly if the 

interactions between dissimilar molecules are more than those between similar 

molecules (ester-ester) the excess molar volume ( E
mV ) will be negative.  This was 

observed for the mixture (CH + MS). The comparison of E
mV  versus 1x  at 298.15 K 

reveals that the intermolecular interactions amongst the unlike components is highest 

for the mixture (CH + MS) and lowest for the mixture (CH + MA). Thus the order of 

molecular interactions based on excess molar volumes ( E
mV ) is: (CH + MA) < (CH + 

EA) < (CH + MS). This order of molecular interactions for the binary mixtures is 

probably due to combined effects of factors like the molecular size, shape and nature 

of the components, etc. CH is a ring structured globular molecule and can exist either 

in chair form or twisted boat form or in skew-boat form.27 Spectroscopic study by 

Garcia et al.
28 showed that the stable conformer of CH is the chair form with D3d 

symmetry and CH rotates freely between these two conformations at high temperature 

(even greater than room temperature)29 and occupies a small space with its flexible 

ring structure.30 MS molecules are almost planer in shape due to favorable intra-

molecular hydrogen bonding rather than inter-molecular hydrogen bonding, because 

inter-molecular hydrogen bonding requires the OH− group to be out of the plane and 

interaction between neighboring MS molecules originate predominantly from dipolar 

interactions; the intra-molecular hydrogen bonding in liquid MS persists even at 

higher temperatures.7 The order of molar volumes: MS > EA > MA indicates that the 

inter-molecular spacing or vacancies in EA is larger than that in MA. Alkyl esters 

exist as dipolar associates and are hydrogen bond acceptors. The addition of CH 
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(component 1) breaks the inter-molecular association (dipole-dipole interaction in the 

case of MA and EA) in the structure of the pure component (2) making enough space 

available for mutual fitting. Therefore, the molecular packing in the mixture (CH + 

EA) is more compact than that of the mixture (CH + MA); that is why the excess 

molar volumes ( E
mV ) of the mixture (CH + MA) are greater than those of the mixture 

(CH + EA). In case of the mixture (CH + MS) the initial positive E
mV  values can be 

attributed to the breaking up of the three dimensional hydrogen bonded (inter-

molecular and intra-molecular) network or dipolar interactions in liquid MS due to the 

addition of CH and beyond the mole fraction ( 1x ) of CH 2294.0≥  as the amount of 

CH increases further in this mixture, the CH molecules are interstitially 

accommodated or geometrically fitted in the free space between the voids of planar 

MS molecules ( 13
CHm,MSm, molcm21.20 −⋅=−VV  at 298.15 K). This effect increases 

the intermolecular compactness, thereby imparting negative contributions to solution 

volume and compressibility of the mixture (CH + MS). Thus, the order of molecular 

interactions, based on the E
mV  values, is:  (CH + MS) > (CH + EA) > (CH + MA). 

Nevertheless, it was observed that the E
mV  values increased with increasing 

experimental temperature for all the mixtures over the entire composition range. Such 

a trend in temperature dependence of E
mV  values suggests that temperature 

enhancement disrupts the developing specific and non-specific interactions between 

the component molecules in the mixtures due to thermal agitations at elevated 

temperatures.  

7.3.2. Excess partial molar volumes 

Partial molar volumes ( im,V ) of the ith component in the binaries at 298.15 K 

were obtained from the relation:31, 32 

)2()dd)(1( ,i
E

im,i
*

im,
E

im,im, PTxVxVVV −++=  

where *
im,V  is the molar volume of the ith component in the binaries. The derivatives, 

PTxV ,i
E

im, )( ∂∂  used in Eq. (2) were obtained using a procedure as mentioned in 

chapter II, the E
mV  values were fitted to the Redlich–Kister polynomial33 by the 

method of least squares regression using the Marquardt algorithm34 to derive the 
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following Redlich–Kister coefficients ( ia ):  a0 = 6.5322, a1 = 0.6065, a2 = 2.0832, a3 

= 1.2945, a4 = -2.5250 for the mixture (CH + MA); a0 = 4.1742, a1 = 0.8079, a2 = -

1.0677 for the mixture (CH + EA) and a0 = -3.7627, a1 = -6.3862, a2 = 1.4985, a3 = -

1.3304 for the mixture (CH + MS) with standard deviations (σ ) 0.006, 0.011 and 

0.029  for the three binaries, respectively. Partial molar volumes ( 0
1,mV and 0

2,mV ) at 

infinite dilution, excess partial molar volumes (
E

im,V ) and excess partial molar 

volumes (
E0,
im,V ) at infinite dilution were obtained from the standard relations as 

described earlier.31,32 Partial molar volumes (
E0,

m,1V and 
E0,

m,2V ) and excess partial molar 

volumes (
E0,
im,V ) at infinite dilution for each component in the binary mixtures are 

listed in Table 7.3.  The excess partial molar volumes (
E
m,1V  and 

E
m,2V ) of each 

component in the binary mixtures are depicted in Figure 7.2 against the mole fraction 

of CH ( 1x ). Figure 7.2 shows that the 
E
m,1V values gradually decreased (i.e., a 

decreasing trend as the alkyl chain length increased9) but the 
E
m,2V  values increased 

with increasing mole fraction of CH ( 1x ) for the studied mixtures. The partial molar 

volume (
0
m,1V and 

0
m,2V ) at infinite dilution of each liquid was found to be greater than 

the molar volume of the respective pure liquid for the studied mixtures, except the 

mixture (CH + MS). Again the excess partial molar volumes (
E0,

m,1V  and 
E0,

m,2V ) at 

infinite dilution were positive for both components in the mixtures (CH + MA) and 

(CH + EA) but for the mixture (CH + MS), 
0
m,2V  was found to be negative. This 

suggests that while the mixtures (CH + MA) and (CH + EA) are characterized by 

volume expansion, the mixture (CH + MS) is characterized by volume contraction on 

mutual mixing with CH, i.e., the mixture (CH + MS) is characterized by a better 

packing efficiency,35 most probably due to combined effects of dipole-induced dipole 

interactions and interstitial accommodation.  

 7.3.3. Predictions of excess molar volumes 

i) Prigogine-Flory-Patterson theory (PFP):   

Prigogine-Flory-Patterson (PFP) theory10, 11 is a modified version of Flory’s 

statistical theory.36-39 It has been successfully applied to predict, estimate and analyze 

the excess thermodynamic functions of liquid mixtures with non-polar as well as polar  
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Table 7.3. Molar volumes ( *
m,1V  and *

m,2V ), partial molar volumes at infinite dilution ( 0
1,mV and 

0
2,mV ) and excess partial molar volumes at infinite dilution (

E0,
m,1V  and 

E0,
m,2V ) for each 

component in the binary mixtures at 298.15 K 
 

Volume  
parameters 
 

CH (1) + 

MA (2) EA (2) MS (2) 

*
1,mV  108.81 108.81 108.81 

0
1,mV  113.71 111.01 114.65 

*
2,mV  79.93 98.50 129.02 

0
m,2V  89.30 102.32 118.62 

E0,
m,1V  4.91 2.20 5.84 

E0,
m,2V  9.36 3.82 -10.39 

Volume parameters are given in cm3·mol-1. 
 

 

Fig. 7.2. Excess partial molar volume (
E

im,V ) against mole fraction of CH (x1) for the binary 

mixtures of CH + some esters at T = 298.15 K: A, for CH; B, for the esters. Symbols: □, MA; 

○, MA; ∆, MS. 

 
liquids. This theory considers the excess molar volumes ( E

mV ) of binary mixtures to be 

a sum of three contributions: (i) the interaction contribution ( E
intV ) that is proportional 

to the interaction parameter, 2,1χ ; (ii) the free volume contribution ( E
fvV ) that arises 

from the dependence of the reduced volume upon the reduced temperature; and (iii) 
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the internal pressure contribution ( E

p*V ) that depends both on the differences of the 

characteristic pressures and on the differences of reduced volumes of the components. 

The relations for E
mV  in terms the three contributions is as follows: 

on)contributi(

)3(
)(

))(~~(

on)contributiv~(

~]1~)3/4[(

]1~)9/14[()~~(

)oncontributi(

]1~)3/4[(

~)1~(

1
*

22
*

1

21
*

2
*

121

3/1
21

3/12
21

2,1

2,1*
1

3/1
21

3/23/1

*
22

*
11

E
m

*P

PP

PPvv

vv

vvv

Pv

vv

VxVx

V

ψψ

ψψ

ψψ

χ

χ
θψ

+

−−
+

−

−−
−

−

−
=

+

−

−

−

 

where  1ψ  and 2ψ stand for the molecular contact energy fractions of liquid 1 and 

liquid 2 in a mixture; 2θ  is the molecular site fraction of liquid 2 in a mixture and 

other symbols have their usual significance.10,11 The various characteristic and 

reduced parameters of the pure liquid components (needed for the E
mV  estimation) 

were calculated using Flory’s formalism.36-39 and are listed in Table 7.4. The 

interaction contributions to E
mV  were obtained from Eq. (3) by using a computer 

program as detailed elsewhere.32 The optimized 2,1χ values, calculated and 

experimental E
mV values, their deviation ( E

mV∆ ) and different contributions to E
mV  

values near equimolar ( 5.01 ≈x ) composition at 298.15 K are given in Table 7.5. 

Table 7.5 revealed that the excess molar volumes ( E
PFPm,V ) calculated from PFP theory 

reasonably agree with the experimental excess molar volumes ( E
mV ) for all the binary 

mixtures studied. 

ii) Peng-Robinson Equation of State (PREOS): 

Cubic equations of state are powerful tools for predicting the thermodynamic 

properties and phase equilibria of hydrocarbon systems. These equations are widely 

applied in industrial process design for their relatively simple mathematical structure 

and computational efficiency in the calculation of the volume and other 

thermodynamic parameters like fugacity coefficient, etc.  
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Table 7.4. Isobaric molar heat capacities ( Pc ), expansion coefficient (α ), isothermal 

compressibility ( Tκ ) and Flory’s parameters for pure liquids at 298.15 K 

Liquids a
cP  v~  T

~
 

)mol(m

10
13

6*

−⋅

⋅V
 (Pa)*

P  (K)*
T  

)(kK 1−

α
 

)(TPa 1

T

−

κ
 

CH 155.01 1.2939 0.0636 84.09 539.84 4686.95 1.2348 1141.8 
MA 141.93 1.3107 0.0658 60.98 609.89 4530.98 1.3250 1112.8 
EA 170.66 1.3199 0.0670 74.62 605.88 4452.90 1.3756 1179.3 
MS 249.06 1.2147 0.0517 106.22 692.34 5769.79 0.8433 535.8 

a Unit: J ·mol-1 ·K-1 and values adapted from Ref [26] were multiplied with molecular weight for unit 
conversion.  
 

Table 7.5. Interaction parameter ( 2,1χ ), calculated and experimental values of excess molar 

volumes ( E
expm,V and E

PFPm,V ), their deviations ( E
mV∆ ) and different PFP contributions at 

298.15 K 

 

CH (1) 
+ 

 

)m(J 3-

2,1

⋅

χ
 

)mol(m

10
13

6E
expm,

−⋅

⋅V
 

)mol(m

10
13

6E
PFPm,

−⋅

⋅V
 

)mol(m

10
13

6E
m

−⋅

⋅∆V
 310oncontributiPFP ×  

    inta
 fvb

 ipc
 

MA (2) 76.254 1.630 1.630 0.000 0.0219 0.0001 0.0005 
EA (2) 46.868 1.025 0.991 0.034 0.0123 0.0002 0.0007 
MS (2) -13.482 -0.870 -0.870 0.000 -0.0022 0.0022 -0.0047 
a interaction contribution, b free volume contribution and c internal pressure contribution 

 

These equations can correctly predict the solution properties and can also be 

conveniently extended to mixtures using varied mixing or combination rules. Herein 

this chapter the classical cubic Peng-Robinson equation of state  (PREOS) has been 

used for predicting the excess molar volumes ( E
PREOSm,V ) of the mixture studied at 

298.15 K. The two parameter PREOS is given by:13 

( ) ( )
)4(

bVbbVV

a

bV

RT
P

−++
−

−
=  

For a pure component the energy a and co-volume b parameters can be obtained from 

the relations:  

 )5(11)()(

2























−+==

c

c
T

T
TaTaa ξ

)6()()( cTbTbb ==  
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)7(45724.0)(
22

c

c
c

P

TR
Ta =  

)8(07780.0)(
c

c
c

P

RT
Tb =  

where cT  and cP  are critical temperature and pressure of a pure component. The 

parameter ξ  in terms of acentric factor (ω ) is defined by: 

   )9(0.26992-1.542260.37464 2ωωξ +=  

Acentric factor (ω ) for each pure liquid was calculated from the relation:40  

)10(1log
)1(7

3
−

−
=

c

br

br P
T

T
ω  

where 
cbbr

TTT /= and 
b

T  is the boiling point of a pure liquid. 
b

T , 
cT  and 

cP  values 

were taken from the literature.26 For a binary mixture the energy a and co-volume b 

parameters are given by:40 

   )11()1()(
2

1i

2

1j
ijjiji∑∑ −=

= =

kaaxxTa  

)12()(
2

1i
ii∑=

=

bxTb  

where ijk is an empirically determined binary interaction coefficient characterizing the 

binaries formed by component i and component j and 0ij =k  for i = j. The different 

parameters related to Eq. (4) can be conveniently expressed in terms of 

compressibility factor ( RTPVZ /= ) as follows:  

)13(0)()23()1( 32223 =−−−−−+−− BBABZBBAZBZ

 

where RTPbB /= and 2)/(RTaPA = . Thus from a knowledge of the compressibility 

factors (Z) of the pure components and their mixtures, the corresponding excess molar 

volumes ( E
PREOSm,V ) of the studied binary mixtures were calculated. The values of the 

interaction coefficient ( ijk ) were found to be 0.1358, 0.0882 and 0.0524 with standard 

deviations (σ ) 0.137, 0.067 and 0.484, respectively for the mixtures (CH + MA), 

(CH + EA) and (CH + MS).  
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Fig. 7.3. A comparison between the excess molar volumes ( E
mV ) against mole fraction of CH 

(x1) for the binary mixtures of CH with some esters at T = 298.15 K. Symbols represent 

experimental excess molar volumes ( E
mV ): □, MA; ○, EA; ∆, MS. Solid lines, dashed lines 

and dotted lines represent excess molar volumes ( E
mV ) obtained from Redlich-Kister 

polynomial, PREOS and PFP theory, respectively. 

 

A comparison between the experimental excess molar volumes ( E
mV ) and the 

calculated excess molar volumes ( E
PFPm,V  and E

PREOSm,V ) as a function of mole fraction 

of CH ( 1x ) for the studied mixtures at 298.15 K is depicted in Figure 7.3. 

7.3.4. Viscosity deviation 

The viscosity deviation ( η∆ ) can be obtained from the difference between the 

measured viscosity (η ) and the ideal viscosity ( idη ) of a solution as follows:41,42 

)14(idηηη −=∆  

and the ideal viscosity ( idη ) is given by:43 

)15()lnexp( id

2

1i
iid ηη ∑

=

= x  

The estimated uncertainty for viscosity deviation ( η∆ ) was evaluated to be ±0.004 

smPa ⋅  for the mixtures studied.  
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Fig. 7.4. Viscosity deviation ( η∆ ) versus mole fraction of CH (x1) for the binary mixtures of 

CH + some esters at T = 298.15 K. Symbols: □, MA; ○, EA; ∆, MS. 

 

Figure 7.4 ( η∆ versus 1x at 298.15 K) shows that the η∆ values are negative for the 

mixtures (CH + MA) and (CH + EA), but for the mixture (CH + MS) η∆ values are 

positive (initially negative at MS rich regions with 2294.01 ≤x ) over the whole 

composition range. Similar trends in the η∆ values were observed at the other 

experimental temperatures. Negative η∆ values suggest the easier flow of liquid 

mixture as compared with the pure liquids. This may be due to difference in size and 

shape of the mixing components, dispersion due to breaking of liquid order on mixing 

with a second component and the presence of unfavorable non-specific interactions 

amongst the unlike molecules. However, positive η∆ values suggest the presence of 

specific intermolecular interaction amongst the unlike molecules, resulting into more 

compact structure. Thus, the η∆ values for the studied mixtures suggest that the same 

order of molecular interactions: (CH + MS) > (CH + EA) > (CH + MA), as discussed 

earlier based on the E
mV values. Moreover, the decrease in η∆  values as the 

experimental temperature increases for each mixture suggests that the interactions 

between the unlike molecule become weaker at higher temperatures (Table 7.2).  
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7.3.5. Thermodynamics of viscous flow 

Based on the theory of absolute reaction rate the free energy of activation of 

viscous flow ( *G∆ ) and its excess function ( *EG∆ ) for the liquid mixtures were 

obtained by using the Eyring’s viscosity relation:43 

)16()/exp()/( *
RTGVhN ∆=η  

)17(
2

1i

E*
i

*E* ∑
=

∆−∆=∆ GGG  

where N,  h  and *G∆ are Avogadro’s number, Planck’s constant and free energy of 

activation of viscous flow required to move the fluid particles from ground state to 

activated state and other symbols have their usual meanings. Rearranging Eq. (16) and 

putting ∆G
*= ∆H

* - T∆S
*we get the relation: 

)18(/)/ln( **
STHhNVR ∆−∆=η  

Linear regression of Rln(ηV/hN) against (1/T) gives the enthalpy ( *H∆ ) and entropy 

( *
S∆ ) of activation for viscous flow from the corresponding slope and negative 

intercept, respectively. *G∆ , *H∆ , *S∆ and the regression coefficients ( 2R ) are given 

in Table 7.6. It shows that while *H∆ values are positive, *S∆ values are mostly 

negative for the binary mixtures (CH + EA) and (CH + MS), but are mostly positive 

for the mixture (CH + MA). Such a trend in *H∆ and *
S∆ values indicate that 

formation of transition state for viscous flow is accompanied by disruption of the 

developing forces or specific interactions between the components of the liquid 

mixtures. The *EG∆  values are plotted against the mole fraction of CH ( 1x ) in Figure 

7.5 at 298.15 K.  Interestingly *EG∆ and η∆ values follow similar variations against 

the mole fraction of CH ( 1x ). Reid and Taylor44 suggested that the positive *E
G∆  

stands for molecular interactions or compactness due to geometrical fittings of one 

component into the other on mixing and negative *E
G∆ indicate the dominance of 

dispersion forces leading to easier flow of a liquid mixture as compared with the pure 

liquids. From Figure 7.5 it is evident that the *E
G∆ values are negative for the 

mixtures (CH + MA) and (CH + EA) but positive for the mixture (CH + MS) over the 

whole composition range (similar trends in *E
G∆ versus 1x were found at other 

experimental temperatures). This fact suggests the breaking of liquid order on mixing 

and presence of unfavorable non-specific interactions between the unlike molecules.  
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Table 7.6. Free energy ( *G∆ ), enthalpy ( *
H∆ ) and entropy ( *S∆ ) of activation of viscous 

flow for the binary mixtures 

x1 )mol(kJ 1

*

−⋅

∆G
 

)mol(kJ 1

*

−⋅

∆H
 

)molK(J 11

*

−− ⋅⋅

∆S
 2R  

298.15 K 308.15 K 318.15 K 
CH (1) + MA (2) 

0 10.745 10.914 11.019 6.657 -13.744 0.9928 
0.0754 10.905 11.022 11.051 8.711 -7.406 0.9920 
0.1551 11.082 11.167 11.170 9.761 -4.472 0.9944 
0.2393 11.275 11.326 11.308 10.771 -1.727 0.9967 
0.3286 11.485 11.517 11.452 11.961 1.547 0.9947 
0.3700 11.586 11.612 11.545 12.182 1.951 0.9955 
0.5241 12.008 12.000 11.872 14.015 6.667 0.9942 
0.6314 12.340 12.315 12.190 14.553 7.372 0.9963 
0.7460 12.720 12.701 12.587 14.692 6.562 0.9968 
0.8686 13.148 13.174 13.112 13.670 1.705 0.9966 

1 13.620 13.746 13.809 10.793 -9.515 0.9974 
 CH (1) + EA (2) 

0 11.541 11.717 11.915 5.956 -18.719 0.9990 
0.0914 11.691 11.820 11.972 7.501 -14.039 0.9992 
0.1845 11.811 11.932 12.037 8.429 -11.351 0.9997 
0.2795 11.962 12.067 12.134 9.389 -8.648 0.9987 
0.3764 12.134 12.206 12.240 10.536 -5.378 0.9990 
0.4200 12.204 12.273 12.286 10.967 -4.179 0.9979 
0.5759 12.520 12.564 12.537 12.253 -0.933 0.9973 
0.6787 12.765 12.787 12.735 13.198 1.414 0.9975 
0.7836 13.021 13.063 12.995 13.384 1.161 0.9947 
0.8907 13.308 13.379 13.350 12.676 -2.174 0.9950 

1 13.620 13.746 13.809 10.793 -9.515 0.9974 
 CH (1) + MS (2) 

0 15.387 15.693 16.029 5.825 -32.054 0.9977 
0.1168 15.182 15.460 15.763 6.526 -29.021 0.9990 
0.2294 14.987 15.247 15.519 7.060 -26.583 0.9997 
0.3379 14.804 15.041 15.282 7.679 -23.896 0.9999 
0.4425 14.631 14.853 15.065 8.162 -21.702 0.9999 
0.4878 14.554 14.770 14.973 8.316 -20.928 0.9998 
0.6411 14.292 14.478 14.645 9.019 -17.694 0.9996 
0.7353 14.126 14.296 14.438 9.469 -15.634 0.9993 
0.8265 13.961 14.112 14.225 10.010 -13.271 0.9988 
0.9146 13.790 13.933 14.021 10.349 -11.573 0.9978 

1 13.620 13.746 13.809 10.793 -9.515 0.9974 
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Fig. 7.5. Excess free energy of activation of viscous flow ( *EG∆ ) versus mole fraction of CH 

(x1) for the binary mixtures of CH with some esters at T = 298.15 K. Symbols: □, MA; ○, EA; 

∆, MS. 

7.3.6. Viscosity models 

Mehrotra et al.
45 reviewed the practical implications of several empirical or 

semi-empirical viscosity models for liquid mixture viscosities. These models can 

simulate the viscosity of liquids or liquid mixtures. However, such models that apply 

the corresponding state principle based on van der Waals’ hypothesis46 are limited. 

Therefore, the experimental viscosities of the studied binaries were correlated with 

Peng-Robinson cubic equation of state (PREOS),12,41 Bloomfield–Dewan model 

(BF)13,41 and several popular correlation models like Grunberg–Nissan (GN), Tamura-

Kurata (TK), Hind (HN), Katti–Chaudhri (KC), two parameters three body McAllister 

(McA3), three parameters four body McAllister (McA4), three parameters Heric–

Brewer (HB), Krisnan-Laddha (KL) and Lobe (LB) at 298.15 K.45,47,48 Various model 

coefficients were estimated either by linear or non-linear least-squares regression 

analyses (whichever is required model-wise). Different model coefficients and 

corresponding standard deviations are listed in Table 7.7.  
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Table 7.7. Different viscosity model coefficients and corresponding standard deviations (σ ) 

for the binary mixtures studied at T = 298.15. 

 
Model Coefficients σ  Model Coefficients σ  

CH (1) + MA (2) 
GN 

12d = -0.492 0.003 McA3 
12z = 0.736 

21z = 0.490 

0.034 

TK 
12T = 0.366 0.017 McA4 

1112z = 0.826, 1122z = 0.591 

1222z = 0.481 

0.025 

HN 
12H = 0.369 0.011 KL a = 0.168 

b = -0.001 
c = -0.041 

0.003 

KC RTw /12 = -0.373 0.004 LB 
12α = -0.460 

21α = -0.287 

0.156 

HB 
0a = -0.388, 1a = 0.001 

2a = 0.095 

0.007    

CH (1) + EA (2) 
GN 

12d = -0.381 0.006 McA3 
12z = 0.765 

21z = 0.566 

0.031 

TK 
12T = 0.451 0.012 McA4 

1112z = 0.849, 1122z = 0.650 

1222z = 0.560 

0.072 

HN 
12H = 0.461 0.011 KL a = 0.155 

b = 0.028 
c = -0.051 

0.010 

KC RTw /12 = -0.338 0.005 LB 
12α = -0.437 

21α =-0.238 

0.140 

HB 
0a = -0.358, 1a = -0.066 

2a = 0.118 

0.023    

CH (1) + MS (2) 
GN 

12d = 0.065 0.010 McA3 
12z = 1.195 

21z = 1.213 

0.045 

TK 
12T = 1.141 0.012 McA4 

1112z = 1.176, 1122z = 1.220 

1222z =1.159 

0.109 

HN 
12H = 1.163 0.011 KL a = -0.021 

b = -0.028 
c = -0.001 

0.001 

KC RTw /12 = 0.048 0.005 LB 
12α = -0.883 

21α = 6.864 

0.108 

HB 
0a = 0.048, 1a = 0.064 

2a = 0.003 

0.003    
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The binary interaction parameter ( 12g ) based on Peng-Robinson cubic equation of 

state was found to be –0.409 ( 004.0=σ ), -0.338 ( 005.0=σ ) and –0.829 

( 002.0=σ ) for the mixtures (CH + MA), (CH + EA) and (CH + MS), respectively.  

The standard deviations (σ ) between the experimental viscosities and those 

calculated from Bloomfield and Dewan model were 0.28, 0.22 and 0.44 for the 

mixtures of CH with MA, EA and MS, respectively. Grunberg-Nissan coefficient 

( 12d ) is proportional to interchange energy and approximates the strength of 

molecular interactions between the component liquids in a mixture. 12d  values were 

found to be –0.492 ( 003.0=σ ), –0.381 ( 006.0=σ ) and 0.065 ( 010.0=σ ) for the 

mixtures (CH + MA), (CH + EA) and (CH + MS), respectively. Thus 12d  values are at 

par the degree of molecular interactions49 for the studied mixtures. Interestingly, 

Katti-Chaudhri (KC) interactions coefficients ( RTw /12 ) were also found to –0.373 

( 004.0=σ ), -0.338 ( 005.0=σ ) and 0.048 ( 005.0=σ ) in parallel to the order of 

molecular interactions in the studied mixtures. 

7.3.7. Ultrasonic speed of sound and derived acoustic functions 

 The speeds of sound ( u ) and the densities ( ρ ) of the binary mixtures at 

298.15 K were further used to determine isentropic compressibility ( Sκ ), excess 

isentropic compressibility ( E
Sκ ) and the other acoustic functions like intermolecular 

free length ( fL ), specific acoustic impedance ( imz ), free volume ( fV ), internal 

pressure ( inπ ) along with their excess or deviation properties. The experimental 

speeds of sound for each pure liquid were in good agreement with the literature 

values23,25,50,51 at 298.15 K. The excess isentropic compressibility ( E
Sκ ) were 

calculated by using the relation: 

   )19(                   id
SS

E
S κκκ −=  

where 2
S 1 uρκ =  and id

Sκ is the isentropic compressibility for an ideal mixture. 

Benson-Kiyohara52 and Acree53 has expressed id
Sκ by the relation: 
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where iτ  is the volume fraction of the component ‘i’ in the mixture, iS,κ , *
im,V , iα  and 

ip,c are the isentropic compressibility, the molar volume, the expansion coefficient and 

the molar isobaric heat capacity of the pure components, respectively. The expansion 

coefficients ( iα ) were obtained from experimental density values and ip,c  values were 

taken from the literature.28 The intermolecular free length ( fL ), excess intermolecular 

free length ( E
fL ), free volume ( fV ) and excess free volume ( E

fV ) were calculated by 

using the standard relations42 as detailed in chapter II. Various acoustic parameters 

and their excess functions at 298.15 K are listed in Table 7.8. Figure 7.6 illustrates the 

variation of excess isentropic compressibility ( E
Sκ ) of the mixtures against the mole 

fraction of CH (x1) at 298.15 K. It shows that the E
Sκ  values for the mixtures (CH + 

MA) and (CH + EA) are positive but mostly negative for the mixture (CH + MS) over 

the entire composition range. The positive E
Sκ  values for the mixture (CH + MA) and 

(CH + EA) reveal that the component molecules in the mixtures become more 

compressible or less compact as compared to their pure state. This may be ascribed to 

the disruption of dipolar associated structure or molecular order in pure liquids (alkyl 

acetates) due to the breaking up of the dipole-dipole cohesive forces present amongst 

the individual MA and EA molecules (in pure state) when mixed with CH. For the 

mixture (CH + MS), the initial positive E
Sκ  values at x1=0.1168 probably arises from 

the sudden perturbation of the three dimensional hydrogen bonded (intermolecular 

and intramolecular) network in liquid MS on the addition of CH; however, the 

negative E
Sκ  values over moderate to CH-rich regions are most probably associated 

with favorable mutual (geometrical) fitting of the CH and MS molecules through 

interstitial accommodation as well as dipole-induced dipole interactions caused by the 

dipoles of MS. According to Eyring and Kincaid,54 isentropic compressibility ( Sκ ) 

and intermolecular free length ( fL ) inversely vary with the speeds of sound ( u ). It 

was observed that the speeds of sound ( u ) were observed to increase with increasing 

mole fraction of CH (x1) for the mixtures (CH + MA) and (CH + EA) but decreased 

for the mixture (CH + MS); such an increase in the speeds of sound (u ) led to a 

decrease in isentropic compressibility ( Sκ ) and intermolecular free lengths ( fL ).  
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Table 7.8. Ultrasonic speeds ( u ), isentropic compressibilities ( Sκ ), intermolecular free 

lengths ( fL ), free volumes ( fV ), excess isentropic compressibilities ( E
Sκ ), excess 

intermolecular free lengths ( E
fL ) and excess free volumes ( E

fV ) for binary mixtures at 298.15 
K; x1-mole fraction of CH. 
 

x1 )sm( 1−⋅

u
 

)Pa(

10
1

10
S

−

⋅κ
 

fL (Å) 
)molm(

10
13

6
f

−⋅

⋅V
 

)Pa(

10
1

10E
S

−

⋅κ
 E

fL (Å) 
)molm(

10
13

6E
f

−⋅

⋅V
 

CH (1) + MA (2) 
0 1148.5 8.180 0.5883 0.378 0 0 0 

0.0754 1146.9 8.379 0.5954 0.363 0.189 0.0070 0.003 
0.1551 1152.2 8.484 0.5991 0.351 0.285 0.0106 0.009 
0.2393 1160.6 8.540 0.6011 0.337 0.332 0.0124 0.015 
0.3286 1171.8 8.549 0.6014 0.321 0.334 0.0126 0.020 
0.3700 1177.0 8.545 0.6012 0.313 0.327 0.0124 0.021 
0.5241 1197.8 8.490 0.5993 0.276 0.265 0.0102 0.020 
0.6314 1212.7 8.430 0.5972 0.246 0.202 0.0079 0.015 
0.7460 1226.9 8.371 0.5951 0.213 0.142 0.0056 0.008 
0.8686 1240.2 8.309 0.5929 0.178 0.080 0.0032 0.003 

1 1253.3 8.227 0.5899 0.145 0 0 0 
CH (1) + EA (2) 

0 1144.3 8.537 0.6010 0.411 0 0 0 
0.0914 1154.5 8.521 0.6004 0.385 0.013 0.0004 -0.002 
0.1845 1165.2 8.503 0.5997 0.367 0.024 0.0008 0.005 
0.2795 1176.3 8.481 0.5990 0.344 0.032 0.0011 0.007 
0.3764 1187.5 8.455 0.5981 0.318 0.036 0.0012 0.007 
0.4200 1192.2 8.447 0.5978 0.308 0.042 0.0015 0.008 
0.5759 1209.2 8.401 0.5961 0.263 0.044 0.0015 0.005 
0.6787 1220.1 8.367 0.5949 0.231 0.041 0.0014 0.001 
0.7836 1231.0 8.328 0.5935 0.202 0.034 0.0012 -0.001 
0.8907 1241.5 8.286 0.5920 0.172 0.025 0.0009 -0.002 

1 1253.3 8.227 0.5899 0.145 0 0 0 
CH (1) + MS (2) 

0 1410.9 4.260 0.4245 0.187 0 0 0 
0.1168 1356.0 4.787 0.4500 0.179 0.056 0.0062 -0.002 
0.2294 1325.7 5.185 0.4683 0.174 -0.004 0.0059 -0.003 
0.3379 1305.2 5.535 0.4839 0.170 -0.098 0.0035 -0.003 
0.4425 1292.5 5.852 0.4976 0.165 -0.209 -0.0001 -0.003 
0.4878 1286.7 6.004 0.5040 0.163 -0.243 -0.0012 -0.003 
0.6411 1268.4 6.570 0.5272 0.156 -0.297 -0.0034 -0.004 
0.7353 1258.7 6.970 0.5430 0.152 -0.271 -0.0031 -0.004 
0.8265 1252.8 7.385 0.5590 0.149 -0.209 -0.0023 -0.004 
0.9146 1249.3 7.818 0.5751 0.146 -0.105 -0.0007 -0.003 

1 1253.3 8.227 0.5899 0.145 0 0 0 
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Fig. 7.6. Excess isentropic compressibility ( E
Sκ ) versus mole fraction of CH (x1) for the 

binary mixtures of CH + some esters at T = 298.15 K. Symbols: □, MA; ○, EA; ∆, MS. 
 

However, for the mixture (CH + MS), as the speeds of sound (u ) decreased with 

increasing mole fraction of CH (x1), isentropic compressibility ( Sκ ) and 

intermolecular free lengths ( fL ) increased monotonously. Positive excess 

intermolecular free lengths ( E
fL ) for the mixture (CH + MA) and (CH + EA) suggest 

their less compact structure as compared to the mixture (CH + MS) with more 

compact structure and negative E
fL  values. Interestingly, it was observed that free 

volumes ( fV ) and excess free volumes ( E
fV ) for the studied mixtures followed the 

order: (CH + MA) > (CH + EA) > (CH + MS), i.e., the reversed order of molecular 

interactions in parallel to the degree of their structural compactness. Thus the study of 

the various acoustic and their excess functions also stand in support of the following 

order of molecular interactions: (CH + MS) > (CH + EA) > (CH + MA), as found 

earlier on the basis of excess molar volumes and viscosity deviations. 

7.3.8. Prediction of ultrasonic speed of sound 

Ultrasonic speeds of sound for the binary mixtures were estimated with 

several theoretical models like Flory theory (FL), Collision factor theory (CFT), 

Nomoto’s relation (NOM), Impedance dependence relation (IDR), Ideal mixture 

relation (IMR), Junjie’s relation (JUN).  Details of these theoretical models and  
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Fig. 7.7. Percent standard deviations ( %σ ) for theoretical prediction of ultrasonic speeds by 

different empirical relations at T = 298.15 K for the binary mixtures studied. Models: FL, 

Flory theory; IMR, Ideal mixing relation; IDR, Impedance dependence relation; CFT, 

Collision factor theory; NOM, Nomoto’s relation; JUN, Junjie’s relation. 

 

calculations are mentioned in chapter II. The goodness of prediction for these models 

was judged by percent standard deviations ( %σ ) (as illustrated in Figure 7.7) against 

the experimental speeds of sound (u ) for the mixtures studied. Figure 7.7 depicts that 

the predictive capability of these models follows the orders: FL > IMR > IDR > CFT 

> JN > NOM (for the mixtures CH + MA); NOM > JN > IMR > FL > IDR > CFT (for 

the mixture CH + EA) and FL > JN > IMR > NOM > CFT > IDR (for the mixture CH 

+ MS), respectively.  

7.3.9. Excess molar refractions 

The excess molar refractions ( E
mR ) for the mixtures were obtained from 

relation:48 

)21(
2

1i
im,im

E
m ∑

=

−= RxRR  

where Rm,i ={(nD,i–1)/(nD,i+2)}Mi/ρi, nD,i and ρi stand for the molar refraction, 

refractive index and density of the ith component in the mixture, respectively. The 

molar refraction (Rm) for a mixture can be had from the relation:48 
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where ρ and nD are the mixture density and refractive index; Mi  stands for the molar 

mass of ith component in a mixture, respectively. Excess molar refractions ( E
mR ) and 

the experimental refractive indices (nD) for the three binaries are listed in Table 7.9. 

The experimental refractive indices (nD) of the pure liquids were in good agreement 

with literature values20,24,54 at 298.15 K. The dependence of the excess refractive 

indices (Rm
E) on the mole fraction of CH (x1) at 298.15 K also stands in parallel to the 

same order of molecular interactions for the studied binaries as discussed above. 

Furthermore the refractive indices of the mixtures were predicted by several models: 

Lorentz-Lorenz (LL), Gladstone-Dale (GD), Arago-Biot (AB), Newton (NEW), 

Eykman (EYK), Eyring-John (EJ), Heller (HEL) and Weiner (WEI) as detailed in 

chapter II and their goodness of prediction was judged by percent standard deviations 

( %σ ) (as illustrated in Figure 7.8) against the experimental refractive indices for all 

the binary mixtures studied. 

 

Fig. 7.8. Percent standard deviations ( %σ ) for theoretical prediction of refractive indices by 

various models at T = 298.15 K for the binary mixtures studied. Models: LL, Lorentz-Lorenz; 

DG, Gladstone-Dale; AB, Arago-Biot; NEW, Newton; EYK, Eykman; EJ, Eyring-John; 

HEL, Heller; WEI, Weiner. 

 



 

Chapter VII 

215 

Table 7.9. Refractive indices ( Dn ), molar refractions ( mR ) and excess molar refractions 

( E
mR ) for the binary mixtures at 298.15 K 

 

1x  Dn  
)mol(m

10
13

6
m

−⋅

⋅R
 

)mol(m

10
13

6E
m

−⋅

⋅R
 

CH (1) + MA (2) 
0 1.3604 17.658 0 

0.0754 1.3659 18.472 0.055 
0.1551 1.3717 19.352 0.132 
0.2393 1.3776 20.270 0.201 
0.3286 1.3836 21.224 0.256 
0.3700 1.3862 21.649 0.264 
0.5241 1.3958 23.223 0.286 
0.6314 1.4022 24.303 0.285 
0.7460 1.4089 25.425 0.253 
0.8686 1.4158 26.567 0.160 

1 1.4234 27.730 0 
CH (1) + EA (2) 

0 1.3712 22.343 0 
0.0914 1.3753 22.831 -0.004 
0.1845 1.3799 23.362 0.025 
0.2795 1.3849 23.925 0.076 
0.3764 1.3898 24.475 0.104 
0.4200 1.3920 24.721 0.115 
0.5759 1.4000 25.566 0.120 
0.6787 1.4054 26.110 0.110 
0.7836 1.4109 26.642 0.077 
0.8907 1.4172 27.190 0.048 

1 1.4234 27.730 0 
CH (1) + MS (2) 

0 1.5352 40.179 0 
0.1168 1.5247 38.882 0.157 
0.2294 1.5136 37.439 0.116 
0.3379 1.5028 35.999 0.026 
0.4425 1.4920 34.627 -0.043 
0.4878 1.4872 34.032 -0.074 
0.6411 1.4700 32.024 -0.174 
0.7353 1.4585 30.820 -0.205 
0.8265 1.4470 29.728 -0.162 
0.9146 1.4354 28.680 -0.113 

1 1.4234 27.730 0 
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7.3.10. IR spectroscopic study 

The results obtained so far are also well reflected in FT-IR spectra of the 

binary mixtures (Figures 7.9-7.11). The spectra were recorded in a demountable KBr 

cell for liquid samples with spacer of path length of 0.5 mm at ambient temperature 

with a Perkin-Elmer Spectrum FT-IR spectrometer (RX-1).  Redondo et al.55 reported 

that the stable conformer of CH is the chair configuration with D3d symmetry and its 

spectra is characterized by the fundamental C-H stretching vibration at 3000-2800 cm-

1 along with some bands appearing in the range 2700-2600 cm-1 with frequency lower 

than the corresponding C-H stretching vibrations and at higher frequency than other 

possible C-C stretching, C-H bending vibrations, etc., due to some combinations of 

the fundamental bands. The IR spectra of the MA and EA are similar in nature with 

characteristic C=O stretching vibration at 1760 and 1739 cm-1, respectively along with 

some C-H stretching vibration at 3000-2800 cm-1. As the mole fraction of CH in 

mixture (CH + MA) and (CH + EA) increases, the C-H fundamental vibrations 

gradually become sharp with slight changes in peak position.  

 

 
Fig.7.9. FTIR spectra of the various binary mixtures of CH (1) + MA (2): A, pure CH (x2 = 

0.00); B, x2 = 0.20; C, x2 = 0.40; D, x2 = 0.60; E, x2 = 0.80; F, pure MA (x2 = 1.00). 
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Fig. 7.10. FTIR spectra of the various binary mixtures of CH (1) + EA (2): A, pure CH (x2 = 

0.00); B, x2 = 0.20; C, x2 = 0.40; D, x2 = 0.60; E, x2 = 0.80; F, pure EA (x2 = 1.00). 

 

 
Fig. 7.11. FTIR spectra of the various binary mixtures of CH (1) + MS (2): A, pure CH (x2 = 

0.00); B, x2 = 0.20; C, x2 = 0.40; D, x2 = 0.60; E, x2 = 0.80; F, pure MS (x2 = 1.00). 
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Again, the characteristic C=O and C-O stretching vibrations become much sharper 

with corresponding changes in peak position and intensity. All these changes in FTIR 

spectra of the alkyl esters indicate breaking of dipolar association of the acetate 

molecules with the advent of CH in the mixtures. The IR spectra of MS is 

characterized by C=O and C-O stretching vibrations at around 1676 and 1215 cm-1 

along with a broad band appearing at around 3180 cm-1.56 This band becomes less 

broad as the mole fraction of CH increases in the mixture (CH + MS); these bands 

shifts to higher frequency (3180 to 3190 cm-1) and also becomes less intense. These 

results indicate that the dipolar association of MS molecules due to inter and intra 

molecular H-bonds decreases. Similar shifts were found for the C=O bond of MS. All 

these results indicate that the molecular interactions mainly involved in all the 

mixtures studied are the loss of dipolar association of the polar molecules on mixing 

with the non-polar CH molecules, dipole-induced dipole interactions and interstitial 

accommodations.                

7.4. Conclusion 

In summary, the various derived excess properties like excess molar volume 

( E
mV ), viscosity deviation ( η∆ ), excess isentropic compressibility ( E

Sκ ), etc., reveals 

the following order of molecular interactions: (CH + MS) > (CH + EA) > (CH + MA) 

for the mixtures studied. Such an order of molecular interactions originates from a 

combined effect of factors like the molecular size, shape and nature of the 

components; herein the order is attributed to the breaking up of dipolar interactions or 

the three dimensional hydrogen bonded network as well as interstitial accommodation 

on mutual mixing of the components. However, these specific and non-specific 

interactions between the dissimilar molecules in the mixtures decrease at higher 

temperatures. A comparison of the excess partial molar volumes (
E0,

m,1V  and 
E0,

m,2V ) at 

infinite dilution to the molar volumes of the pure components in the mixtures suggests 

that while the mixtures with MA and EA are characterized by volume expansion, the 

mixture with MS is characterized by volume contraction on mixing with CH. FTIR 

spectra of the mixtures also correlate well with the observed molecular interactions 

for the mixtures studied. 
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