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ABSTRACT 
Densities, viscosities and ultrasonic velocities of binary liquid mixtures of octane-1-ol with methyl acrylate, ethyl acrylate, butyl 

acrylate and methyl methacrylate at 303.15 and 313.15 K temperatures have been measured over the entire range of composition. 

These values used in Jouyban-Acree model. Excess molar volume, deviation in viscosity and deviation in isentropic 

compressibility have been calculated and were fitted to Redlich-Kister equation to estimate the coefficients and their 

corresponding standard errors. The mixture viscosities were correlated by different semi empirical equations like Hind, 

Choudhary-Katti, Grunberg-Nissan, Tamura-Kurata, McAllister three and four body models. 

Keywords:  Octane-1-ol + acrylic esters, transport properties, excess molar volume, isentropic compressibility, Redlich-Kister 

equation.  
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INTRODUCTION 
In the recent years much importance has been given to the behavior of mixed solvents rather than a single solvent 

because of their wide range of applications in many chemical industrial and biological processes. The 

physicochemical data are often required in many industrial processes like flow, mass transfer or heat transfer 

calculations, polymerization, solvolysis, etc. and this also leads to the formulations of a large no. of methods for 

correlating or predicting the physical property, composition data. Therefore in view of practical importance of mixed 

solvents, a deeper knowledge of their solution structure and intermolecular interactions between component 

molecules at molecular level thus becomes essential. The composition and temperature dependence of volumetric, 

acoustic transport and surface properties of associated liquid system provides substantial information of the 

molecular influence on the intensity of the intermolecular interactions among component molecules and can be used 

as a powerful tool for studying intermolecular interactions in these systems. Literature survey reveals that such type 

of combined study of these parameters of binary liquid systems of octane-1-ol with acrylic esters at 303.15 and 

313.15 K temperatures has not been done[1-8].  

 

MATERIALS AND METHODS   
          Chemicals used in the present study were AR grade and supplied by S.D. Fine Chemicals Pvt., Mumbai 

(India). Prior to use all liquids were stored over 0.4 nm molecular sieves to reduce the water content and were 

degassed. In addition, all four acrylic esters were distilled before use. The binary mixtures of varying composition 

were prepared by mass in special air-tight bottles. The masses were recorded on a Mettlar one pan balance, which 

can read up to fifth place of decimal , with an accuracy of ± 0.01 mg. Care was taken to avoid evaporation and 

contamination during mixing. The estimated uncertainty in mole fraction was <1×10
-4

. 

          The densities[9] of the solutions were measured using a single capillary pycnometer made up of borosil glass 

with a bulb of 8cm
3
 and capillary with internal diameter of 0.1cm was chosen for present work. The reproducibility 

of density measurement was ± 5x10
-5

 g/cm
3
.The dynamic viscosities [9] were measured using an Ubbelohde 

suspended level viscometer calibrated with conductivity water. An electronic digital stop watch with readability of ± 

0.01 s was used for the flow time measurements. The uncertainty in dynamic viscosities was ± 3x10
-3

 mPa.s. The 

ultrasonic velocities[9] were measured at a frequency of 2 MHz by a single crystal ultrasonic interferometer (model 

F-81 Mittal’s Enterprises, New Delhi). Error in velocity measurements was ± 0.1 %. 

Theory and calculations   

Experimental values of densities (ρ), viscosities (η) and ultrasonic velocity (u) of these mixtures at T= (303.15 and 

313.15) K as a function of acrylic esters mole fraction are listed in Table 2.The excess molar volumes, V
E
 were 

calculated as, 

V
E
(cm

3
/ mol )= [x1M1+x2M2]/ρ12 –[ (x1M1/ρ1)+( x2M2/ρ2)]                                                  (1) 
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where ρ12 is the density of the mixture and x1,M1, ρ1, and  x2, M2, ρ2  are the mole fraction, the molecular weight, and 

the density of pure components 1and 2, respectively.  

 

The viscosity deviations (∆η) were calculated using equation, 

∆η (mPa.s) = η 12 – x1η 1– x2η 2                                                                                        ` (2) 

where η12 is the viscosity of the mixture and x1, x2 and η1, η2 are the mole fraction  and the viscosity of pure 

components 1and 2 respectively[10].The excess isentropic compressibility,κs
E
, were obtained using the relation, 

 

κs
E
 (TPa

-1
) = κs - κs

id
                                                                                                     (3)                            

Where, κs is the isentropic compressibility and was calculated using the Laplace relation, 

   

κs = (1/ u
2
ρ)                                                                                                                     (4) 

and κs
id
 was calculated from the relation, 

 

κs
id

   = ∑ φi[κs,i +TV
o
i(α

o
i
2
)/Cp,i] - [T(∑ xiV

o
i) (∑ φi α

o
i)

2
 / ∑ xiCp,i]                               (5) 

 Where, φi is the ideal state volume fraction of the component i in the mixture stated and is defined by the relation , 

 

 φi= xiV
o

i / (∑ xiV
o
i)                                                                                                         (6) 

 T is the temperature, and κs, i, V
o
i, α

o
i, and Cp, i are the isentropic compressibility, molar volume, coefficient of 

isobaric thermal expansion, and molar heat capacity respectively, for pure component i. α
o
i  is calculated from the 

measured densities by the relation, 

 

α = [(ρ1/ ρ2)-1]/ (T2-T1)                                                                                                   (7) 

The other required values were taken from literature[11,12].The excess molar volume, deviation in viscosity and 

deviation in isentropic compressibility for binary liquid mixtures of acrylic esters with octane-1-ol are listed in 

Table-3.          

The excess molar volumes, deviations in viscosity and isentropic compressibility were fitted to Redlich- Kister
 

equation of the type, 

Y =    x1x2  ∑ −
n

i

i

i xxa )( 21
                                                                                              (8) 

Where Y is either V
E
 or ∆η or κs

E
 and n is the degree of polynomial. Coefficient ai was obtained by fitting Eq (8) to 

experimental results using a least-squares regression method. In each case, the optimum number of coefficients is 

ascertained from an examination of the variation in standard deviation (σ). 

σ  was calculated using the relation, 

σ (Y) = 

2/1
2

exp )(













−

−∑
nN

YY calct
                                                                                          (9) 

Where N is the number of data points and n is the number of coefficients[11].The calculated values of the 

coefficients ai along with the standard deviations (σ) are given in Table 4. 

            Several relations have been proposed to evaluate the dynamic viscosity η of liquid mixtures [13]. The 

equations of Hind, Choudhary-Katti, Grunberg-Nissan and Tamura-Kurata have one adjustable parameter. The 

expression for Hind equation is, 

 

η 12 = x1
2
 η 1 +x2

2
 η 2+2x1x2H12                                                                                                                               (10)                                  

Where, H12 is the interaction parameter. 

 

The expression for Choudhary-Katti equation is, 

ln (ηnVm )= x1ln(η1V1)+x2ln(η2V2)+x1x2[Wvis/(RT)]                                                       (11)                                  

Where, Wvis is the interaction energy for activation of viscous flow. 

 

The expression for Grunberg-Nissan equation is,  

ln η12= x1 ln η 1+ x2 ln η 2 +x1x2G12                                                                                                                     (12)                                                                                                                       

Where, G12   is a parameter proportional to the interchange energy.  
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Tamura and Kurata developed expression for viscosity of binary mixtures as, 

η= x1φ1 η1+ x2φ2 η2+ 2(x1x2φ1φ2)
1/2

T12                                                                          (13)                                  

Where, T12  is the interaction parameter , φ1 and φ2 are the volume fractions. The calculated values of adjustable 

parameters H12, Wvis, G12 and T12 with their   standard deviations (σ) calculated using equation (16) are given in 

Table 5.  
 

Table-1: Densities, ρ, Viscosities, η, Ultrasonic Velocities, u, for Pure Components at   T= (303.15 and 313.15) K. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

McAllister’s multibody interaction model was widely used to correlate kinematic viscosity (υ) data. The two 

parameter McAllister equation based on Eyring’s theory of absolute reaction rates, taken into account interactions of 

both like and unlike molecules by a two dimensional three body model. The three body model was defined by the 

relation, 

 

ln ν = x1
3
  ln ν1+ x2

3
ln ν2 +3 x1

2
 x2ln Z12 +3 x1 x2

2
ln Z21- ln [x1+(x2M2/M1)] 

          + 3 x1
2
 x2 ln[(2/3)+(M2/3M1)]+ 3x1x2

2
 ln[(1/3)+(2M2/3M1)]+ x2

3
 ln(M2/M1)                   (14)  

 

Similarly, the four body model was defined by the relation, 

ln ν = x1
4 
ln ν1 +4x1

3
x2  ln Z1112 +6 x1

2
x2

2 
ln Z1122 + 4 x1x2

3 
ln Z2221 + x2

4 
ln ν2  

               –ln [x1+x2 (M2/M1)]+ 4 x1
3
x2 ln [(3+M2/M1)/4] + 6 x1

2 
2x2

2 
ln[1+M2/M1)/2] 

          + 4 x1x2
3 
ln [(1+ 3M2/M1)/4] + x2

4 
ln (M2/M1)                                                          (15) 

Where Z12, Z21, Z1112, Z1122 and Z2221 are model parameters and Mi and νi are the molecular mass and kinematic 

viscosity of pure component i. 

To perform a numerical comparison of the correlating capability of above Eq (10 to 15) we have calculated the 

standard percentage deviation (σ %) using the relation, 

 

σ %   = [1/ ( ηexpt – k ) � ∑ (100 (ηexpt – ηcal) / ηexpt)
2
]

1/2
                                                  (16) 

where k represents the number of numerical coefficients in the respective equations. These parameters estimated by 

a non-linear regression analysis based on a least-squares method and presented with their standard percentage 

deviation (σ %) in Table 6.   

T=303.15K T=313.15K   
  Expt. Lit. Expt Lit. 

Octane-1-ol 

ρ (g/m
3
) 0.81839 0.81817[16] 0.81100 0.81117[16] 

η (mPa.s) 6.430 --- 4.572 --- 

u (m/s) 1333 1332[17] 1304 --- 

Methyl Acrylate 

ρ (g/m
3
) 0.9413 --- 0.9292 --- 

η (mPa.s) 0.420 --- 0.361 --- 

u (m/s) 1163 --- 1118 --- 

Ethyl Acrylate 

ρ (g/m
3
) 0.9095 --- 0.8972 --- 

η  (mPa.s) 0.487 --- 0.425 --- 

u  (m/s) 1152 --- 1123 --- 

Butyl Acrylate 

ρ  (g/m
3
) 0.89000 --- 0.8817 --- 

η  (mPa.s) 0.737 --- 0.636 --- 

u  (m/s) 1190 --- 1157 --- 

Methyl Methacrylate 

ρ (g/m
3
) 0.93172 0.93174[18] 0.92024 0.92026[18] 

η (mPa.s) 0.549 --- 0.479 --- 
u  (m/s) 1168 --- 1139 --- 
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Fig.-1: Variation of excess molar volumes for binary mixtures of Acrylic esters 

(1)+ Octane-1-ol (2) at 303.15 K:♦, Methyl acrylate; �,Ethyl acrylate; �, Butyl acrylate; �, Methyl methacrylate 

and at 313.15 K: ∗, Methyl acrylate; �,Ethyl acrylate; +, Butyl acrylate; �, Methyl methacrylate 

 
Fig.-2:Variation of deviation in viscosity for binary mixtures of Acrylic esters 

(1)+ Octane-1-ol (2) at 303.15 K:♦, Methyl acrylate; �,Ethyl acrylate; �, Butyl acrylate; �, Methyl methacrylate 

and at 313.15 K: ∗, Methyl acrylate; �,Ethyl acrylate; +, Butyl acrylate; �, Methyl methacrylate 

 
Fig.-3: Variation of deviation in isentropic compressibility for binary mixtures of Acrylic esters 

(1) + Octane-1-ol (2) at 303.15 K:♦, Methyl acrylate; �,Ethyl acrylate;�, Butyl acrylate; �,  Methyl methacrylate 

and at 313.15 K: ∗, Methyl acrylate; �,Ethyl acrylate ; +, Butyl acrylate; �, Methyl methacrylate 
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Table-2: Densities, ρ, Viscosities, η, Ultrasonic Velocities, u, for Acrylic esters (1) + Octane-1-ol (2) at T= (303.15 

and 313.15) K 
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Table-3: Excess Molar Volumes, V
E
, Viscosity Deviation, ∆η, and Deviation in Isentropic Compressibilities, κs

E
 , of  

Acrylic esters (1) + Octane-1-ol (2) at T= (303.15 and 313.15) K 
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Table-4: Adjustable parameters of Eq 8 and 9   for the Mathematical Representation of Excess Functions for binary 

liquid mixture of Acrylic esters (1) + Octane-1-ol (2) at T= (303.15 and 313.15) K. 

 

 
 

Table-5: Adjustable parameters of Eq 10,11,12,13 and 16 for binary liquid mixture Of Acrylic esters (1) + Octane-1-

ol (2) at T= (303.15 and 313.15) K. 
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Table-6: Adjustable parameters of Eq 14, 15 and 16 for binary liquid mixture of Acrylic esters (1) + Octane-1-ol (2) 

at T= (303.15 and 313.15) K. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table-7: Adjustable parameters of Eq 17 and 18 for binary liquid mixture of Acrylic esters (1) + Octane-1-ol (2). 

 

a0 a1 a2 a3 a4 σ APD 

  MA (1) + Octane-1-ol (2) 

ρ (g/m
3
) -25.3934 -6.5289 -2.0030 0.9314 0.7739 5.8324 0.0277 

η (mPa.s) -0.2148 -0.0834 1.9863 -1.2031 -4.0086 2.5560 0.0234 

u (m/s) -0.0601 -0.1279 1.0583 0.5760 -1.9151 1280.4161 0.0187 

EA (1) + Octane-1-ol (2)  

ρ (g/m
3
) -13.1672 -2.3792 -1.2754 0.7580 1.9006 3.4139 0.0256 

η (mPa.s) -0.2022 -0.6441 -0.2167 0.6273 0.0166 2.6572 0.0193 

u (m/s) 0.0034 -1.0261 -1.0136 2.5006 2.1942 1276.7302 0.0211 

BA (1) + Octane-1-ol (2)  

ρ (g/m
3
) -3.1146 -0.0857 -0.0010 -0.2408 0.1134 1.4583 0.0133 

η (mPa.s) -0.5732 0.6859 3.6548 -2.4582 -6.0224 2.9404 0.0233 

u (m/s) -0.1109 0.0718 1.6022 -0.3290 -2.2271 1296.2600 0.0200 

MMA (1) + Octane-1-ol (2)  

ρ (g/m
3
) -16.4802 -2.7146 -0.5244 -0.5479 0.0619 4.0617 0.0212 

η (mPa.s) -0.3227 0.3503 1.4463 -2.1352 -3.5058 2.7374 0.0183 

u (m/s) -0.0587 -0.5032 -0.1906 1.1101 -0.2039 1285.1033 0.0200 

 

Recently Jouyban and Acree[14,15]
 
proposed a model for correlating the density and viscosity of liquid mixtures at 

various temperatures. The proposed equation is, 

 

lnymT = f1lny1T +f2lny2T+ f1f2 ∑ [Aj (f1-f2) 
j
/T]                                                                  (17) 

where ymT, y1T and y2T is density or viscosity of the mixture and solvents 1 and 2 at temperature T, respectively, 

f1and f2 are the volume fractions of solvents in case of density, and mole fraction in case of viscosity, and Aj are the 

model constants. The Jouyban – Acree model was not previously applied to ultrasonic velocity measurements, we 

extend the Jouyban – Acree model Eq (17) to ultrasonic velocity of the liquid mixtures with f as the mole fraction 

and again apply Eq (18) for correlating ability of the model. The correlating ability of the Jouyban - Acree model 

was tested by calculating the average percentage deviation (APD) between the experimental and calculated density, 

viscosity and ultrasonic velocity as, 

APD = (100/N) ∑ [(| yexpt - ycal |)/ yexpt)]                                                                         (18) 

Where N is the number of data points in each set. The optimum numbers of constants Aj, in each case, were 

determined from the examination of the average percentage deviation value. The constants Aj calculated from the 

least square analysis along with the average percentage deviation (APD) are presented in Table 7. 

 

T/K Z12  Z21 σ Z1112  Z1122  Z2221  σ 

MA (1) + Octane-1-ol (2)  

303.15 1.271 3.109 0.040 0.945 1.541 3.918 2.254 

313.15 0.990 2.377 0.033 0.782 1.218 2.095 1.408 

EA (1) + Octane-1-ol (2)  

303.15 1.338 3.262 0.037 1.063 1.815 4.060 2.592 

313.15 1.103 2.504 0.030 0.892 1.444 3.065 0.436 

BA (1) + Octane-1-ol (2)  

303.15 1.756 3.725 0.032 1.453 2.545 4.484 4.410 

313.15 1.I434 2.850 0.025 1.207 2.009 3.377 1.489 

MMA (1) + Octane-1-ol (2)  

303.15 1.432 3.376 0.025 1.145 1.912 4.165 2.926 

313.15 1.179 2.593 0.024 0.960 1.519 3.146 0.650 
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RESULTS AND DISCUSSION 
        Observed positive values of excess molar volume shown in fig. 1 due to rupture of hydrogen bonded associates 

of alkanols dominates over that of hydrogen bonding between unlike molecules. As the temperature increases V
E
 

values increases three is decrease in the strength of interactions between the component molecules. Excess molar 

volumes can be considered as arising from three types of interactions between the component molecules namely; 

physical, chemical and geometrical type of molecular interactions. Positive values of excess molar volumes can be 

visualized as being due to a closer approach of unlike molecules having significantly different molecular size. Due 

to presence of nonpolar molecule like acrylic esters, existing hydrogen bonding in alcohol molecule breaks and 

system shows weak intermolecular interactions. Longer the chain length of acrylic esters, weaker will be interaction 

between liquid components. 

Negative values of   ∆η in fig. 2 over whole composition range suggests that, viscosities of associates formed 

between unlike molecules are relatively less than those of pure components, which is exhibited by decreased values 

of  viscosity with mole fraction. This decrease in viscosity attributed to breaking of dipolar association of alcohol 

into small dipoles. Weak types of dipole- induced dipole type of interactions are not sufficient to produce bulky or 

less mobile entities in system and hence decreased trend of viscosity is observed in the present binary liquid mixture 

of acrylics esters with the octane-1-ol. 

Deviation in isentropic compressibility in fig. 3 attributed to relative strength of effects which influenced 

free space, according to which positive κs arise due to breaking of hydrogen bonds in self associated alkanols and 

physical dipole-dipole interactions between alkane-1-ol monomers and multimer contribute to increase in free space, 

decrease in sound velocity and positive deviation in isentropic compressibility this effect will be counteracted by 

changes of free volume in real mixtures.  

Table 5 shows that, out of all four different equations used to correlate experimental data of mixture 

viscosity standard deviation of G12 parameter of Grunberg-Nissan equation have lowest values among any other 

equations. Hence, this model is more convenient and fits well. Table 6 shows that, among two different models 

suggested by McAllister, the standard deviations of three body model are least and it is more convenient than the 

four body models. 
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