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Abstract: The aim of the present investigation is to analyze the effect of carbon chain length in benzene + 

(hexane/heptane) binary mixtures at different temperatures through density (ρ), ultrasonic velocity (U), viscosity (η) 

and dielectric (ε) measurements. Derived properties such as molar volume (V), isentropic compressibility (βs), acoustic 

impedance (Z) and intermolecular free length (Lf) have been calculated for T = 298.15, 308.15 and 318.15K. The 

excess values of the above mentioned properties of the binary mixtures of benzene + (hexane/heptane) are 

determined at different temperatures and have been fitted to Redlich – Kister polynomial equation. The dielectric 

permittivity results demonstrate that deviations from pure components are mostly negative in both the mixtures except 

for few cases in benzene rich region. Excess Gibb’s free energy of activation of viscous flow (GE) has been calculated 

using the viscosity measurements at different temperatures. Mixing rules have been adopted to calculate the ultrasonic 

velocities of the binary mixtures of benzene + (hexane/heptane) at the above said temperatures. FT-IR and NMR 

analysis have been done to check the accuracy of the results. 
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1. Introduction 

The studies of physicochemical activities and 

molecular interactions have gained much 

importance during the last two decades. A number 

of experimental procedures have been utilised to 

examine the associations between the components 

of binary liquid mixture [1]. An analysis of literature 

specifies that excess values of ultrasonic velocity, 

adiabatic compressibility and molar volume in liquid 
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mixtures serve as vital tools in elucidating the 

molecular association between the solute and 

solvent molecules and they find uses in several 

industrial and technological practices 

[2].Elucidation of ion-solvent, ion-ion interactions 

in mixed solvents can be done by density and 

ultrasonic measurements. Ultrasonic measurements 

serve as a good tool to assess the molecular 

interactions in binary and ternary liquid mixtures 

[3].Ultrasonic speed measurement and derived 

parameters provide qualitative information in 

characterising the physical aswell as chemical 

behaviour of liquid mixtures. It depends upon the 

structure of the components andtheir interactions in 

the binary mixture which is related to the binding 

forces between the components and is also sensitive 

to temperature. Acoustic parameters which can be 

estimated with the help of speed of sound are 

sensitive to composition of the mixture i.e. 

molecular arrangement in the solution which takes 

place as a result of intermolecular interaction [4]. 

The structural properties of the binary mixtures can 

be well judged by the dielectric constant that 

comprises both the enduring dipole moments of the 

molecules and polarizability. Dielectric constant 

refers to the distortion of molecules and gets 

enhanced with both dipole moment and 

polarizability [5]. Induced dipole-induced dipole 

interactions which arise due to polarizability aspects 

take place in binary mixtures containing non - polar 

components. Such type of interaction between non-

polar molecules originates from the transient or 

temporary dipoles which arise due to variations in 

the immediate distribution or position of the 

electrons. The force of attraction is very weak in 

case of induced dipole-induced dipole interactions 

so optical methods cannot be used to detect and 

access these interactions. 
Literature survey shows that few studies have 

been carried out based on induced dipole –induced 

dipole interactions in the binary mixtures. 

Measurement of density and excess studies on 

volume has already been performed for binary 

mixture of benzene and hexane [6]. Different 

physicochemical properties of binary liquid 

mixtures of aliphatic hydrocarbons with benzene 

have been studied with benzene at 298.15K and 

atmospheric pressure [7]. The velocities of sound 

and density for binary mixtures of benzene, hexane 

and methanol with respect to temperature have 

been recorded. On the basis of solution theory, 

there is a probability of attraction between the π 

electrons of the benzene ring and hexane [8]. But 

with rise in temperature, there is no deviance since 

the distribution of hexane molecules get affected by 

the benzene rings which are planar. 

Aromatic hydrocarbons serve as important raw 

materials for the production of petrochemicals in 

the industries. With the aid of liquid –liquid 

extraction, vital aromatic compounds having 

commercial importance are extracted from refinery 

products [9]. The mixture of aromatic and aliphatic 

hydrocarbons is used as electric transformer oils 

[10]. The physico-chemical behaviour of these 

compounds plays a decisive role in anticipating their 

performance characteristics. The capacity of oil to 

tune to various stresses depends mostly on these 

physico-chemical properties such as density, 

viscosity, permittivity, etc.  

The studies in the literature regarding 

nonpolar-nonpolar interactions in liquid mixtures 

are very few and usually focus on density, molar 

volume and ultrasonic speed mostly at 298.15K. 

Therefore, an update systematic investigation of 

excess thermophysical properties that yield vital 

information about the intermolecular associations 

of the binarymixtures at different temperatures is 

required. Since further investigations are required to 

elucidate the interactions existing in binary 

mixtures, an attempt has been made to study 

thoroughly the physicochemical behaviour of 

benzene with homologous series of aliphatic 

hydrocarbons such as hexane/heptane at three 

different temperatures (298.15K, 308.15K and 

318.15K). This manuscriptprovides a complete 

scrutiny of different thermophysical properties at 

different temperatures using techniques which are 

more accurate than already published accompanied 

by spectroscopic evidence. 

2. Materials and Methods  

The chemicals benzene, hexane and heptane 

used in this study are of analytical status and 

purchased from Merck Chemicals Ltd. India and 

have pureness ˃ 99%. The purity of the chemicals 

has been checked by comparing measured values of 

density, dielectric and ultrasonic speeds with those 

reported in literature, represented in Table 1. 

Standard error in the order of 10-3 has been noticed 

for the deviations of experimental values with the 
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literature values. To avoid volume loss all the 

chemicals are stored in proper air tight containers. 
Binary mixture solutions were prepared on the 

basis of mole fraction bydissolving benzene in 
appropriate amount of hexane/heptane. Density 
(kgm-3), ultrasonic velocity (m/s) and viscosity 
(mPas) of the binary mixtures at T = 298.15K, 
308.15K and 318.15K are recorded using automatic 
density and ultrasonic velocity meter (DSA 5000 M, 
Anton Paar). The operating frequency of the 
instrument is 2MHz having accuracy of ±0.00005 
kgm-3 for density and ± 0.5 m/s for ultrasonic 
velocity. ±0.5% uncertainty has been noticed for 
viscosity measurements using the viscometer. With 
the help of built in thermostat, the temperature has 
been controlled up to ±0.01K. In order to make the 

measurements error free, proper care has been 
taken while inserting the sample into the apparatus 
using the syringe to avoid the formation of bubbles.  
Dipole meter ((Mittal Enterprises, New Delhi) has 
been used to carry out dielectric measurements and 
with the help of digital temperature water bath 
water has been circulated through the double walled 
measuring cell. A stable wave frequency of 500 KHz 
has been maintained with an audio oscillator. The 
uncertainty in the values of dielectric permittivity is 
within accuracy of ±0.005 and the instrument has 
been calibrated with the help of reference liquid. 
NMR spectra have been collected using Jeol 400 
MHz NMR spectrometer. FT-IR analysis has been 
performed using Perkin Elmer spectrum two with 
UTAR spectrometer. 

 
Table 1. List of experimental and literature values of density, ultrasonic velocity and dielectric permittivity of 

benzene, hexane and heptane at different temperatures. 

 
Components T (K) ρ (kgm-3) 

 
U (m/s) 

Expt Lit. Expt Lit. 

Benzene 298.15 873.48 873.61[11] 1298.53 1299.3[13] 

308.15 862.75 862.90[11] 1251.90 1252.8[13] 

318.15 851.95 852.23 11] 1206.25 1207.2[13] 

Hexane 298.15 667.44 660.20[11] 1081.29 1076.3[12] 

308.15 657.90 655.20[12] 1035.90 1032.4[12] 

318.15 648.46 646.60[12]   990.84  

Heptane 298.15 679.12 679.55[12] 1080.85 1108.0[14] 

308.15 671.94 671.00[12] 1035.72 1042.0[14] 

318.15 658.51  990.84  

 
 

Values of thermo acoustic properties such as 

βs, Z and Lf have been calculated using ultrasonic 

velocity (u). 

 

𝛽𝑠 =  
1

𝜌𝑢2    (1) 

     

𝑍 =  𝜌𝑢    (2) 

    

Lf = K𝛽𝑠
1/2

    (3) 

    

where K is the Jacobson’s temperature 

dependent constant and T is the experimental 

temperature in absolute scale [15].  

From the density results, excess molar volumes 

(VE) have been calculated for binary mixtures of 

benzene + hexane/heptane. 

𝑉𝐸 = 𝑉 − (𝑉1𝑋1 + 𝑉2𝑋2)   (4) 

where V is the molar volume of the binary 

mixture; V1, V2, X1 and X2 are the molar volumes 

and mole fractions of solvent (hexane/heptane) and 

solute (benzene), respectively. In thesimilar process, 

values of excess isentropic compressibility (βs
E), 

excess intermolecular free length(Lf
E), excess 

acoustic impedance (ZE), deviation in viscosity (∆η) 

and excess dielectric constant (εE) have been 

calculated using the general relation  

 

𝐴𝐸 = 𝐴 − ∑ 𝑥𝑖𝐴𝑖
𝑛
𝑖=1             (5) 

  

where A represents the above mentioned 

mixture properties and Ai represents the properties 

of the individual components. 

Depending upon the viscosity of the binary 

mixtures of benzene+ (hexane/heptane) excess 

Gibb’s free energy (GE) of  activation of viscous 
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flow of the binary mixtures have been calculated 

using the following expressions. 

 

𝐺𝐸 = 𝑅𝑇[ln 𝜂𝑚𝑖𝑥 𝑉𝑚𝑖𝑥-(𝑋1ln𝜂1𝑉1 +
𝑋2𝑙𝑛𝜂2𝑉2)]    (6) 

 

Where ηmix, Vmix represent the viscosity and 

volume of the binary mixtures, η1and η2 symbolize 

the viscosity of benzene and hexane/heptane 

respectively.  

Table 2 and 3 list the density (ρ), ultrasonic 

velocity (U), viscosity (η) and dielectric constant (ε) 

values for binary mixture of benzene + 

(hexane/heptane) at T = (298.15K, 308.15K and 

318.15K) and demonstrate that the values for all the 

properties decrease with increase in temperature 

and increase with rise in mole fraction of 

benzene.Table 4 presents the comparison of 

experimental density measurements of binary 

mixtures of benzene and hexane with the available 

literature for different mole fractions of benzene. 

 

2.1. Mixing rules for ultrasonic velocity and 

dielectric permittivity   

 To predict the values of ultrasonic velocity 

and dielectric constants of the binary mixtures at 

varied temperatures, various mixing rules were 

formulated by several researchers [11]. In the 

present investigation, two mixing rules have been 

tested for ultrasonic velocity as proposed by Rao 

and Berryman. Kraszewski and Looyenga proposed 

rules have been adopted to calculate the dielectric 

mixing values 

 

Ultrasonic velocity 

Rao (R) 

𝑈1/3𝑉 =  ∑ 𝑈𝑖
1/32

𝑖=1 𝑋𝑖𝑉𝑖                (7) 

  

  

   Berryman (B) 

𝑈 = (𝜌 ∑ 𝜑𝑖
2
𝑖=1 𝛽𝑠𝑖)

−1/2
   (8)  

   

Dielectric permittivity  
Kraszewski (Kz) 

𝜀1/2 = 𝜑1𝜀1
1/2

+ 𝜑2𝜀2
1/2

   (9)  

 

Looyenga (L) 

𝜀 =  [𝜀1
1/3

+  𝜑2(𝜀2

1

3 − 𝜀1

1

3)]

3

 (10) 

 

Where ε1, ε2, 𝜑1,𝜑2 are dielectric permittivity 

and volume fractions of hexane/heptane and 

benzene, respectively. 

The volume fractions, 𝜑1,𝜑2 are calculated as, 

 

𝜑𝑖 =
𝑋𝑖𝑉𝑖

(∑ 𝑋𝑖𝑉𝑖
2
𝑖=1 )      ⁄                    (11) 

 

Where, Vi   is the molar volume of the ith 

component. 

Tables 5 and 6 present the root mean square 

deviation values between the experimental and 

calculated data for ultrasonic and dielectric 

measurements obtained using the mixing rules for 

both the binary mixtures at T = 298.15K, 308.15K 

and 318.15K. The equations proposed by Rao and 

Berryman for ultrasonic measurements offer best 

results for benzene and heptane binary mixtures at 

measured temperatures in comparison to benzene-

hexane binary mixtures. Kraszewski model works 

better for dielectric measurements in contrast to 

Looyenga model in cases of both the mixtures. 

The excess values obtained from experimental 

results were fitted by method of least square with 

the help of Redlich - Kister polynomial equation 

and the coefficients, Aj’s are calculated by solving 

the linear equations 

 Y𝐸 =  𝑋𝑖(1 − 𝑋𝑖) ∑ 𝐴𝑗(2𝑋𝑖

5

𝑗=0
− 1)𝑗(12) 

     

 where YE implies the values of the excess 

properties (VE,  βsE, Lf
E, ZE,∆η , εE). Xisignifies the 

mole fraction of benzene, Aj is the polynomial 

coefficients and j refers to the polynomial degree 

respectively. The standard deviations, σ have been 

calculated using experimental and calculated values 

by the following equation. 

  σ(YE) = [∑(𝑌𝑒𝑥𝑝
𝐸 − 𝑌𝑐𝑎𝑙

𝐸 )2 (𝑛 − 𝑝)⁄ ]1/2(13) 

     

 

 
3. Results and Discussion 
3.1. Excess molar volume (VE)  

 To elucidate the observed trend of VE for 

binary mixtures of benzene + (hexane/heptane), 

the plot of VE against mole fraction of benzene at 

T = (298.15K, 308.15K and 318.15K) is displayed 

in Figures 1a and 1b. It is clear from figure 1a that 

values of VE are negative in hexane rich region for 

binary mixture of benzene + hexane at the 
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measured temperatures and gradually become 

positive with rise in mole fraction of benzene. At 

low mole fraction region of benzene, the hexane 

molecules tend to remain in allied form giving rise 

to negative VE. But as the concentration of benzene 

increases above 0.3 mole fraction there is positive 

VE leading to rupture of homo-molecular 

interactions. This indicates that linked hexane 

molecules are thought to be dissociated in presence 

of planar rings of benzene molecules leading to 

expansion in volume. This observation is in accord 

with Lal et al. [7].  

 

 

Figure 1. (a) Representation of excess molar volume of 

benzene + hexane binary mixture and 1(b) benzene + 

heptane binary mixture at T = (♦298.15, ■ 308.15 and 

▲318.5K).  

Kasahara et al. have also stated that the self-

diffusion coefficients (D) of hexane and benzene 

are close to each other in the lower mole fraction 

range of hexane (X1˂ 0.4). But when the mole 

fraction of hexane increases the hexane molecules 

tend to translate among themselves [8]. But in case 

of benzene + heptane binary mixture represented in 

Figure 1b, it is noticed that VE curve recorded at 

mentioned temperatures decrease sharply and 

passes through a minima at X2 ~ 0.3 and then 

further increase with rise in mole fraction of 

benzene. Negative VE values indicate net packing 

effect contributed by structural changes arising 

from interstitial spacing due to difference in size and 

effect of additional CH2 group present in the 

heptane molecules [9].   

3.2. Deviations in viscosity (∆η) 

Deviations in viscosity (∆η) provide qualitative 

evidence about the molecular associations and 

become positive when the strength of the 

interaction increases.  

 

 

Figures 2. (a) Representation of deviation in viscosity of 

benzene + hexane binary mixtures and 2 (b) benzene + 

heptane binary mixture at T = (♦298.15, ■ 308.15 and 

▲318.5K).  

This may be due to charge transfer 

complexes or hydrogen bond formation. Negative 

values for ∆η are obtained due to variation in size 

and shape of the components and less dipolar 

interactions in pure components. In the current 

investigation, the variations in viscosity (∆η) for 

binary mixtures of benzene + hexane/heptane 

against mole fraction of benzene are shown in 

Figures 2a and 2b at three investigating 
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temperatures. Values of ∆η are negative for the 

complete composition range in benzene + hexane 

binary mixture whereas for benzene + heptane 

mixtures a negative trend is observed above 0.4 

mole fraction of benzene from 298.15 to 318.15K. 

A minimum is observed at X2 ~ 0.6 for benzene-

hexane and X2 ~ 0.8 for benzene-heptane systems. 

Negative deviations in viscosity observed at 

measured temperatures reveal the strength of 

nonspecific interactionand variance in size and 

figure of the constituents in the binary mixture. 

3.3. Excess isentropic compressibility (βs
E), free 

length (Lf
E) and acoustic impedance (ZE) 

Graphical representations of the values of βsE 

as a function of mole fraction of benzene for the 

investigated binary mixtures are presented in 

Figures 3a and 3b.  

 

 

Figure 3. (a) Representation of isentropic 

compressibility (βs
E) of benzene + hexane binary 

mixtures and 3 (b) benzene + heptane binary mixture as 

a function of mole fraction of benzene at T = (♦298.15, 

■ 308.15 and ▲318.5K). 

The curves highlighted in both the cases 

show that the behaviour of βs
E at all compositions 

in the binary mixtures are reflected in that of Lf
E 

(Figures 4a and 4b). Both βs
E and Lf

E are positive 

above X2 =0.2 for the binary mixture of benzene 

and hexane. The positive deviation of βs
E and Lf

E 

indicate feeble interaction comprising weak 

dispersion forces between distinct molecules in the 

binary mixture. This observation is well supported 

by the values of VE measured at all temperatures. 

Intermolecular free length is used to examine the 

attraction between the component molecules in the 

binary mixture and as the temperature rises, the 

intermolecular attraction decreases due to thermal 

agitation. The results are supported by the 

observation that temperature increase 

consequences in increase in distance between the 

molecules in liquids thereby enhancing the space 

between the surfaces of the molecules [11]. With 

rise in temperature it is noted that the density of the 

binary mixture gradually decreases as a result of 

increase in free length between the constituents in 

the binary mixture. 

 

 

Figure 4. (a) Plot of Lf
E of benzene + hexane binary 

mixtures and 4 (b) benzene + heptane binary mixture as 

a function of molefraction of benzene at T = (♦298.15, 

■ 308.15 and ▲318.5K). 

But in case of benzene + heptane binary 

mixture, βs
E values are negative. This indicates good 

compressibility between the unlike components of 

the binary mixture resulting in decreasing in Lf
E. 

These findings are in turn reinforced by the negative 

VE values. 
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The curves of ZE for binary mixtures of 

benzene + (hexane/heptane) represented in Figures 

5a and 5b show opposite trend as observed for βs
E 

and Lf
E. In case of benzene + hexane binary 

mixture, the negative ZE values can be attributed to 

weak dipolar interaction as observed in case of VE, 

βs
E and Lf

E. But in case of benzene +heptane binary 

mixture the trend is opposite giving rise to positive 

ZE values indicating specific interaction between the 

dissimilar components in the binary mixture. Similar 

observations have been made in the examination of 

temperature reliance ultrasonic velocity 

measurements for certain binary liquid mixtures 

where increase in temperature reduces the 

interaction between the components in the binary 

mixture due to thermal stress [16]. This is evident 

from the reduction in ultrasonic velocity and 

viscosity values recorded at higher temperatures 

resulting due to breaking of hetero and homo 

molecular clusters. 

 

 

Figure 5. (a) Representation of ZE of benzene + hexane 

binary mixtures and  4(b) benzene + heptane binary 

mixture as a function of mole fraction of benzene at T = 

(♦298.15, ■ 308.15 and ▲318.5K). 

3.4. Excess dielectric permittivity (εE) 

Measurements of dielectric permittivity serve 

as an important technique for elucidating intra and 

intermolecular associations due to dipole 

interactions. It is an intrinsic property and plays vital 

role in solution [17]. The excess permittivity values 

of the binary mixtures of benzene + 

hexane/heptane furnish qualitative information 

about molecular interactions; if εE = 0, then there is 

no interaction between the unlike components, if 

εE˂ 0, multimers are formed leading to formation of 

less effective dipoles but effective dipolar 

polarization between the unlike components 

increases when εE˃ 0. 

 

 

Figures 6 (a) Representation of εE of benzene + hexane 

for binary mixture and 6(b) benzene + heptane binary 

mixture as a function of mole fraction of benzene at T = 

(♦298.15, ■ 308.15 and ▲318.5K). 

The plot of excess permittivity against mole 

fraction of benzene for binary mixture of benzene 

+ (hexane / heptane) at T = 298.15 K, 308.15K and 

318.15K are represented in Figures 6a and 6b.  In 

this investigation the excess permittivity values in 

case of benzene + hexane binary mixture at 

298.15K appears to be positive indicating increase 

in effective correlation dipoles in hexane rich 

region. But with increase in temperature the values 

of εE become negative leading to decrease in 

effective dipoles. While in case of benzene + 

heptane binary mixture the values of εE  at all 

temperatures appears to be negative indicating polar 

associations formed with lower dipole moments 
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due to orientation of some of the neighbouring 

dipoles in the opposite direction.It becomes slightly 

positive in benzene rich region at 308.15K which 

may be due to homo-molecular linkage of benzene 

molecules. 

The polynomial coefficients A0, A1, A2 and A3 

as well as standard deviation σ for the excess 

properties are given in Table 7 and 8. By inspecting 

the σ values, it can be assumed that terminologies 

utilised for including the experimental findings yield 

good results 

 

3.5. Excess Gibb’s free energy of activation 

of viscous flow (GE)  
The variation of Gibb’s energy of viscous flow 

(GE) with mole fraction of benzene for both the 

binary mixtures benzene + (hexane/heptane) at 

varied temperatures are represented in Figures 7a 

and 7b.  

 

 

Figures 7. (a) Representation of GE of benzene + hexane 

for binary mixture and 7(b) benzene + heptane for binary 

mixture at T = (♦298.15, ■ 308.15 and ▲318.5K). 

The values GE are found to be negative over 

the entire composition range at measured 

temperatures. In a binary mixture of two nonpolar 

components, the first molecule undergo changes in 

position of electrons and acquires instantaneous 

dipole moment and tries to polarize the other 

component present in its vicinity and induces dipole 

moment in the  second one. The resultant dipoles 

attract one another leading to a minimum potential 

energy. In general, positive trend of excess Gibb’s 

free energy indicate specific interaction while 

negative contributions can be attributed to the 

dispersion forces existing between unlike 

components in the binary mixture [18]. In the GE 

values for both the mixtures indicate the existence 

of dispersion force in the system supported by the 

negative ηE values. 

3.6. Spectroscopic Techniques 

To examine the precision of qualitative 

interpretations such as excess volume, ultrasonic 

velocity, viscosity and dielectric measurements, 

spectroscopic techniques like FTIR and NMR have 

been used. 

3.7. FTIR analysis 

FTIR spectroscopy has been broadly utilised to 

elucidate the intermolecular interactions between 

the unlike components in the binary mixture. Figure 

8 depicts the FT-IR spectra recorded for benzene + 

hexane/heptane binary mixtures at X2 = 0.49 and 

0.52 mole fractions respectively. The measured 

physico chemical properties of these binary 

mixtures exhibit negligible effect of temperature. So 

FT-IR analysis has been performed at 298.15K. 

Generally aromatic hydrocarbons exhibit 

characteristic absorption peaks in the range of 3100 

– 3000 cm-1 due to -CH stretch stretching. 

Specifically in pure benzene two distinct peaks are 

visible at 1959 cm-1and 1814 cm-1 arising from the 

C-C stretching vibrations in the benzene ring [19].  

 

 
Figure 8. Representation of FT-IR spectrum benzene + 

hexane/heptane binary mixtures at 298.15K. 

It is observed that when benzene is mixed with 

hydrocarbons like hexane and heptane, the effect of 

the solvents are almost same with a slight shift from 

1814cm-1 to 1810cm-1. A close examination of the 

https://materials.international/


An Insight on Thermophysical Properties of Binary Mixtures of Hydrocarbons with 

Spectroscopic Evidence; Essential Components of Transformer Oils 

••• 

MATERIALS INTERNATIONAL | https://materials.international | 91 

spectra reveals that for both the binary mixtures 

there are changes in intensities in the range of 3100 

– 3000 cm-1 which arise due to –C-H stretching of 

the aromatic ring and alkyl C-H stretching in the 

region of 2872 – 2956cm-1. This observation is in 

coherence with positive and negative excess molar 

volume where the benzene molecules translate with 

hexane/heptane molecules in the higher mole range 

of benzene whereas the aliphatic hydrocarbons 

translate among themselves in the lower mole 

fraction range of benzene. 

3.8. NMR analysis 
1H NMR spectroscopic technique is used to 

have better understanding about the structural 

organisation of the unlike components in the binary 

mixture of benzene + hexane/heptane at T = 

298.15K represented in Figures 9a and 9b.  For 

benzene, singlet is observed in the range of 7.4 and 

7.5 ppm. To elucidate the attractive interaction 

between benzene and hexane/heptane molecules, 

the chemical shifts have been measured to identify 

the association between the unlike components. In 

the present case, if there is any attractive association 

between benzene and hexane/heptane molecules, 

the resulting chemical shift will move downfield. 

From the spectrum which is recorded at X2 = 0.49 

and 0.52 mole fractions of benzene with hexane and 

heptane respectively, it is detected that there are 

slight changes in chemical shifts of methylene 

protons. Normally in pure hexane/heptane the 

chemical shift for methylene protons is 1.27 ppm. 

In case of binary mixtures of benzene + 

hexane/heptane, there is shift to 1.342ppm. It has 

already been reported that methylene group of 

hexane molecules interact with the π electrons of 

the benzene ring more actively than the methyl 

protons [8]. This is so because the distance between 

the methylene group and the benzene ring is closer 

in comparison to methyl group. In the present case 

sharp methylene peaks are observed in case of 

benzene + hexane binary mixture since the rate of 

interaction in NMR time scale is fast but broad 

peaks are observed in benzene + heptane as the 

interaction time gets enhanced due to the presence 

of additional CH2 group in heptane in comparison 

to hexane molecules. 

 
 

 
 

Figure 9. (a)1H NMR spectrum of benzene + hexane 

binary mixture and 9(b) forbenzene + heptane binary 

mixture. 

 

Table 2. Experimental density (ρ), ultrasonic velocity (U), viscosity (η) and dielectric constant (ε) for binary mixture 

of benzene + hexane at T = (298.15K, 308.15K and 318.15K). 

X2 ρ (kg.m-3) U (m.s-1) η (mPa.s) ε 

Benzene + Hexane (298.15K) 

0 667.44 1081.29 0.3508 1.880 

0.1382 691.03 1098.97 0.3582 1.941 

0.2652 712.30 1117.71 0.3655 1.972 

0.4905 744.64 1139.91 0.394 1.990 

0.6841 788.56 1196.03 0.4482 2.065 

0.8524 825.93 1239.03 0.5014 2.083 

0.9285 854.39 1274.01 0.5598 2.140 
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X2 ρ (kg.m-3) U (m.s-1) η (mPa.s) ε 

Benzene + Hexane (298.15K) 

1 873.48 1298.53 0.6096 2.146 

Benzene + Hexane (308.15K) 

0 657.90 1035.9 0.3296 1.860 

0.1382 681.59 1054.09 0.3334 1.896 

0.2652 702.74 1072.93 0.3388 1.932 

0.4905 734.73 1096.2 0.362 2.041 

0.6841 778.52 1150.83 0.4084 2.105 

0.8524 815.62 1193.64 0.4515 2.188 

0.9285 843.84 1228.06 0.4979 2.252 

1 862.75 1251.90 0.5376 2.299 

Benzene + Hexane (318.15K) 

0 648.46 990.84 0.3021 1.840 

0.1382 670.97 1010.42 0.3102 1.864 

0.2652 693.03 1028.43 0.3169 1.880 

0.4905 724.64 1052.28 0.3348 1.944 

0.6841 768.36 1106.10 0.3755 2.017 

0.8524 805.20 1148.62 0.4104 2.098 

0.9285 833.21 1182.73 0.4481 2.131 

1 851.95 1206.25 0.4803 2.180 

 

Table 3. List of experimental density (ρ), ultrasonic velocity (U), viscosity (η) and dielectric constant (ε) for binary 

mixture of benzene + heptane at T = (298.15K, 308.15K and 318.15K). 

X2 ρ (kg.m-3) U (m.s-1) η(mPa.s) ε 

Benzene + Heptane (298.15K) 

0 679.21 1080.85 0.3370 1.900 

0.1572 710.60 1141.73 0.4377 2.004 

0.2956 735.67 1156.6 0.4436 2.023 

0.5281 772.99 1187.44 0.4535 2.166 

0.7158 806.49 1219.33 0.4820 2.243 

0.8704 829.56 1245.11 0.5164 2.301 

0.9379 852.52 1271.05 0.5586 2.349 

1 873.48 1298.53 0.6096 2.146 

Benzene + Heptane (308.15K) 

0 671.94 1035.72 0.3140 1.880 

0.1572 701.84 1097.81 0.4025 1.903 

0.2956 726.69 1112.74 0.4035 1.927 

0.5281 763.48 1143.2 0.4126 1.992 

0.7158 796.48 1172.3 0.4387 2.088 

0.8704 819.38 1197.88 0.4641 2.145 

0.9379 842.07 1223.15 0.4978 2.153 

1 862.75 1251.99 0.5376 2.299 

Benzene + Heptane (318.15K) 

0 658.51 990.84 0.2940 1.86 

0.1572 692.08 1054.81 0.3688 1.890 

0.2956 717.88 1070.38 0.3707 1.906 

0.5281 753.88 1099.47 0.3792 1.906 

0.7158 786.27 1126.6 0.4002 1.968 

0.8704 809.11 1151.64 0.4223 2.062 

0.9379 831.53 1174.55 0.4484 2.116 

1 851.95 1206.25 0.4803 2.180 
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Table 4. Comparison of experimental density values measured using digital density meter with the literature values 

recorded using pycnometer for binary mixtures of benzene – hexane system at 298.15K 

X2 ρ (g.cm-3)        

(exp) 

ρ (g.cm-3) (lit) 

0.2652 0.7123 X2=0.21,ρ=0.6837[8]; X2=0.218, ρ=0.688[7 

0.4905 0.74464 X2= 0.40, ρ= 0.7148[8]; X2= 0.493, ρ=0. 7391[7] 

0.6841 0.78856 X2=0.700, ρ= 0.7900[8]; X2=,0.7202 ρ= 0.7913 [7] 

0.850 0.82593 X2 = 0.80 ρ= 0.808[8]; X2=0.84, ρ=0.8434 [7 

 

Table 5. Representation of root mean square deviation (RMSD) of ultrasonic and dielectric constant for binary 

mixture of benzene + hexane at T= 298.15K, 308.15K and 318.15K. 

Properties                                        RMSD 

Temperature (K)    298.15K 308.15K 318.15K 

                   Benzene + Hexane 

U R B R B R B 

0.19615 0.12953 0.24017 0.11894 0.22843 0.95268 

ε Kz L Kz L Kz L 

0.01870 0.03753 0.02538 0.04974 0.02147 0.04166 

 

Table 6. Representation of root mean square deviation (RMSD) of ultrasonic and dielectric constant for binary 

mixture of benzene + heptane at T= 298.15K, 308.15K and 318.15K. 

Properties                                        RMSD 

Temperature (K)    298.15K 308.15K 318.15K 

                  Benzene + Heptane 

U R B R B R B 

0.03960 0.002069 0.04020 0.002053 0.040715 0.00202 

ε Kz L Kz L Kz L 

0.03275 0.06601 0.01103 0.02130 0.02409 0.04719 

 

Table 7. Redlich-Kister coefficients estimated for binary mixtures of benzene + hexane for derived properties using 

equation 14 and 15 at T = (298.15K, 308.15K and 318.15K). 

Properties Temperature/K A0 A1 A2 A3 σ 

 

VE 

298.15 2.7569 9.7620 -7.1372 -6.1541 0.032531 

308.15 2.4560 9.2810 -7.5745 -5.2930 0.298925 

318.15 2.2077 11.0775 -6.0554 -12.4666 0.047012 

∆η 298.15 -0.3290 -0.1036 -0.0870 -0.1728 0.000015 

308.15 -0.2716 -0.0603 -0.0637 -0.1526 0.000010 

318.15 -0.2097 -0.0539 -0.0240 -0.1446 0.000008 

βsE 298.15 -0.1589 -0.2935 -0.4888 -0.2730 0.000060 

308.15 0.0495 -0.5261 1.5097 -1.6334 0.859580 

318.15 -17.79 -23.905 32.700 75.645 0.519157 

Lf
E 298.15 0.1744 0.2209 -0.2612 -0.2126 0.000021 

308.15 0.1724 0.2315 -0.2886 -0.2118 0.000025 

318.15 0.1844 0.3190 -0.3206 -0.365 0.000024 

ZE 298.15 -2.7920 -1.1489 0.8672 -0.5738 0.002862 

308.15 -2.6511 -1.0901 0.8411 -0.5184 0.002423 

318.15 -2.5392 -1.1382 0.7894 -0.1443 0.002426 

εE 298.15 -0.0579 -0.1715 0.1691 -0.2435 0.000200 

308.15 -0.1714 -0.1131 -0.2613 0.1082 0.000040 

318.15 -0.2563 0.0463 0.0294 -0.1958 0.000004 
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Table 8. Coefficients of binary mixture of benzene + heptane for derived properties using equation at T = 

(298.15K, 308.15K and 318.15K). 

Properties Temperature/K A0 A1 A2 A2 σ 

VE 298.15 -15.4281 12.8679 -5.7794 22.7316 0.033316 

308.15 -16.0819 13.6866 -6.7506 23.5179 0.033643 

318.15 -17.0431 15.5409 -6.0244 20.5746 0.035207 

∆η 298.15 -0.1232 -0.3120 0.2497 -0.6234 0.000020 

308.15 -0.0649 -0.2475 0.2186 -0.5987 0.000003 

318.15 -0.0434 -0.2090 0.1878 -0.4731 0.000001 

βsE 298.15 -0.1981 -0.2952 -0.3474 0.7650 0.000011 

308.15 -0.2399 0.3643 -0.3916 0.8721 0.000013 

318.15 -0.2873 0.4369 -0.4387 1.0024 0.000009 

Lf
E 298.15 -0.2117 0.3477 -0.3502 0.7176 0.000010 

308.15 -0.2617 -0.3601 0.7917 -0.2617 0.000012 

318.15 -0.2943 0.4359 -0.3854 1.0023 0.000017 

ZE 298.15 -0.6922 -1.7165 -0.0112 -4.5595 0.000856 

308.15 -0.6137 -1.7932 0.0751 -4.4731 0.000659 

318.15 -0.5492 -1.8267 -0.1566 -4.5771 0.000412 

εE 298.15 -0.349 -0.4328 0.3791 0.6455 0.000045 

308.15 -0.0829 0.2241 -0.0716 -1.2253 0.000276 

318.15 -0.1917 0.2021 0.4247 0.1263 0.000015 

4. Conclusions 

The acoustic data, density, viscosity, dielectric 

constants and other related thermodynamic 

properties of binary mixtures of benzene 

+hexane/heptane at T = 298.15, 308.15 and 

318.15K are recorded and presented in this 

manuscript. With the help of experimental data for 

all binary systems at measured temperatures, the 

excess properties have been determined and fitted 

to Redlich-Kister polynomial equation to examine 

the quality of experimental findings. From the 

calculated standard deviation values, it can be 

interpreted that obtained results are good. The 

positive VE predicts homo-molecular molecular 

interactions. But in case of benzene + heptane, the 

positive VE above X2 = 0.8 suggests that interstitial 

accommodation is dominant over homo-molecular 

interactions. A good correlation is observed 

between VE and βs
E/Lf

E for both binary mixtures at 

measured temperatures. The trend of deviation in 

viscosity is similar to ZE. The dielectric 

measurements for non - polar binary mixtures 

indicate reduction of dipoles in case of benzene + 

hexane and opposite orientation of dipoles is 

detected for benzene + heptane. The theoretical 

values predicted by Rao and Berryman for 

ultrasonic measurements of benzene + hexane are 

good in comparison to benzene + heptane. 

Kraszewski model fits well for dielectric 

measurements in comparison to Looyenga. The 

negative excess GE specify the presence of 

dispersion interactions between the unlike 

components. FT-IR and NMR analysis 

complemented the obtained observations through 

thermal and acoustic measurements. 
However, the attained results offer basic 

understandings regarding the physico-chemical 

properties of hydrocarbon binary mixtures without 

maintaining its proportion as used in transformer 

oil. Physico-chemical properties control the ability 

of transformer oil to endure thermal, chemical and 

electrical exertion during the service life of 

transformer.   
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