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AbstractDensities and viscosities of binary mixtures of Propiophenone with o-xylene, m-xylene and p-xylene were
measured over the entire composition range at T=(303.15 to 318.15) K and at 0.1 Mpa atmospheric pressure. Experi-
mental data used to calculate excess molar volume (VE), deviation of viscosity (), excess Gibb’s free energy (G*E) acti-
vation of viscous flow for each binary system and the results were fitted to the Redlich-Kister polynomial equation to
obtain the fitting coefficients and standard deviations. Viscosity values used to compute single adjustable interaction
parameters from Grunberg and Nissan, Katti and Chaudhri, Hind et al., Tamara Kurata and Frenkel relations. Devia-
tions in thermodynamic properties of the binary mixtures were discussed in terms of their molecular interactions
between the components. Viscosity data correlated with the McAllister’s three body/four body models, Heric, Aus-
lander, and Jouyban-Acree relations having two and three adjustable parameters for the studied binary mixtures. Vis-
cosity relations like Kendall-Monroe, Bingham, Arrhenius, and Kendall were used to calculate and compare the
standard deviation percentage, ( %), between the experimental and calculated viscosity data. The studied systems
showed specific intermolecular interactions and the percentage deviations were in good agreement with the experi-
mental values. Obtained results are useful in various chemical and industrial processes.
Keywords: Viscosity, Excess Molar Volume, McAllister’s Models, Jouyban-Acree Relation, Auslander Equation, Viscos-

ity Relations

INTRODUCTION

Physical properties of liquid mixtures such as density () and vis-
cosity () are important in designing, engineering and chemical
processes. Thermodynamic properties of binary mixtures are essen-
tial to understand the intermolecular interactions of the liquid mix-
tures. Of these, viscosity of binary mixtures is vital for hydraulic cal-
culations of fluid transport and for energy transference calculations
in the chemical, foodstuff, cosmetic and pharmaceutical industries.
Current study is on viscosity analysis on the binary mixtures of propi-
ophenone with isomeric xylenes. Propiophenone is used as a com-
ponent in some perfumes and as an intermediate in the synthesis
of pharmaceutical and other organic compounds [1]. Xylenes with
other components are used as chemical intermediates, and xylenes
are also used as solvent in leather, rubber, dyes, pesticides, printing
industries etc. [2]. Hence, the thermodynamic properties of the stud-
ied pure liquids and liquid mixtures are quite essential for the indus-
trial processes.

Literature survey reveals studies on the measurement of densi-
ties, viscosities, ultrasonic speeds, relative permittivity etc., of binary
mixtures containing xylenes with other components at different
temperatures [3-9]. Apparently no study has been reported on the
viscosity model studies on propiophenone with o-xylene, m-xylene
and p-xylene binary mixtures. The studied liquid mixtures are very

much useful in designing and chemical processes.
Densities , and viscosities , of binary liquid mixtures of propi-

ophenone with o-xylene, m-xylene and p-xylene were measured over
the entire composition range at T=(303.15-318.15) K. Experimen-
tal data were used to compute excess molar volume (VE), deviation
of viscosity (), one interaction parameters of Grunberg and Nis-
san (d12), excess Gibbs free energy of activation (G*E), Katti and
Chaudhary (Wvis/RT), Hind et al., (H12), Tamara-Kurata (T12) and
Frenkel (F12) for the studied binary mixtures and also correlated
with McAllister’s three/four body models, Heric, Auslander and Jouy-
ban-Acree relations for two and three adjustable parameters to un-
derstand more of the intermolecular interactions between the com-
ponent molecules of the binary mixtures. Zero adjustable parame-
ter relations such as Kendall and Monroe, Bingham, Arrhenius, and
Kendall were used to correlate the experimental viscosity data and
to calculate the standard deviation percentages. Obtained results
were in good agreement with the experimental data. Deviations in
excess properties of these binary mixtures at all four temperatures
reflect the specific interactions between the unlike molecules. The
values of VE,  and G*E of binary mixtures were fitted to the
Redlich-Kister polynomial equation to estimate the coefficients and
standard deviations between the experimental and calculated values.

MATERIALS AND METHODS

1. Materials
Propiophenone as a main component and o-xylene, m-xylene and

p-xylene are taken as secondary components. These chemicals were
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purchased from S.D. Fine chemicals Ltd., India and used in the
present investigation. Purification of the solvents was by the meth-
ods as described earlier [10,11]. The mass fraction purities of the
liquids were as propiophenone (>99%), o-xylene (99.7%), m-xylene
(99.5%), and p-xylene (99.5%) and water content found less than
0.003 mass%. Purities of the solvents are shown in Table 1.

Binary mixtures were prepared by mixing weighed amounts of
the pure liquids, adopting the method of closed system by using Met-
tler Toledo (ME204) balance with the precision of ±0.1 mg. The
purity of the liquids was checked by comparing the measured val-
ues of densities and viscosities with literature data at temperatures
T=(303.15-318.15) K and are given in Table 2. References are a[12],
b[13], c[14], d[7], e[15], f[16], g[17].
2. Apparatus and Procedure

Anton Paar (DSA 5000 M) oscillating u-tube densimeter, auto-
matically thermostatic within ±0.01 K, was used to calculate the
density of the pure components and the binary mixtures over the
whole composition range T=(303.15 to 318.15) K. The accuracy
for density was ±1×102 kg·m3. At regular intervals calibration was
done at the required temperature using dry air and ultrapure water
(Millipore). Averages of ten consecutive measurements were taken
between the temperatures from (303.15 to 318.15) K with an incre-
ment of 5 K under atmospheric pressure. The standard uncertainty
associated with the measurement of density is ±0.01 kg·m3.

The viscosity of the binary liquid mixtures was measured by using
a suspended level Ubbelohde viscometer with proper calibration
and the method as described earlier [18] that the viscometer was
calibrated at 303.15±0.01 K using distilled water. The viscometer
constant k was calculated from viscosity (w), density (w), and flow
time (tw) of water using the relation k=(w/w tw). An average of
10 measurements was taken to determine the k value. An electronic
stopwatch capable of measuring time to ±0.01 s was used for flow
time measurement. Capillary-end kinetic energy corrections were
applied and found to be negligible. The estimated uncertainty in
viscosity was ±0.0010 mPa·s. The mole fractions of each mixture
were measured with the masses of the components. The uncertainty
in measured mole fractions was ±0.0001.

The calculated values of densities and viscosities with respective
mole fractions of the studied binary mixtures at T=(303.15 to 318.15)
K are tabulated in Table 3.

THEORY

The following relations were used to calculate the viscosity devi-
ations and excess thermodynamic functions, dependence of viscos-
ity on temperatures of binary liquid mixtures over the entire com-
position range to understand further on the molecular interactions
of the binary mixtures.

Table 1. Provenance and purity of the materials used
Chemicals CAS number Source Mass fraction purity (final)
Propiophenone 093-55-0 S.D fine Chemicals, India >99%
o-Xylene 095-47-6 S.D fine Chemicals, India 0.994
m-Xylene 108-38-3 S.D fine Chemicals, India 0.995
p-Xylene 106-42-3 S.D fine Chemicals, India 0.995

Table 2. Comparison of experimental and literature values of density and viscosity of pure liquids at T=303.15-318.15 K and 0.1 MPa

Compound T/K
Density ()

Ref.
Viscosity ()

Ref.Experimental Literature Experimental Literature
gm/cm3 gm/cm3 mPa·s mPa·s

Propiophenone 303.15 1.0045 1.0044 a 1.5150 1.5100 a
308.15 1.0015 1.0006 a 1.4690 1.4690 b
313.15 0.9985 1.4230
318.15 0.9955 1.3770

o-Xylene 303.15 0.8671 0.8605 c 0.7197 0.7272 c
308.15 0.8648 0.8667 d 0.6799 0.674, 0.676 g
313.15 0.8625 0.8633 e 0.6401 0.621, 0.627 e
318.15 0.8601 0.8659 f 0.6003 0.591, 0.589 d

m-Xylene 303.15 0.8526 0.8553 e 0.5540 0.557, 0.558 e
308.15 0.8491 0.8513 d 0.5268 0.531, 0.533 g
313.15 0.8457 0.8471 e 0.4996 0.508, 0.497 e
318.15 0.8423 0.8427 d 0.4724 0.470, 0.471 d

p-Xylene 303.15 0.8488 0.8521 e 0.5703 0.597, 0.590 e
308.15 0.8456 0.8482 d 0.5411 0.548, 0.547 g
313.15 0.8425 0.8435 e 0.5119 0.538, 0.537 e
318.15 0.8395 0.8395 d 0.4827 0.486, 0.484 d
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a) Excess molar volume is calculated by using the relation

(1)

where m, 1 and 2, are the densities, M1 and M2 are molar masses
of components 1 and 2 of the binary mixtures and x1 and x2 are
the mole fractions.

b) Viscosity deviation is calculated by using the relation

(2)

where 1 and 2 are the viscosities of components 1 and 2 of the
binary mixtures and x1 and x2 are the mole fractions.

c) The excess Gibbs free energy of activation of viscous flow (G*E)
is obtained by the equation

(3)

where Vm is the molar volume of the mixture, V1 and V2, x1, x2

and 1, 2 are the molar volumes, mole fractions and viscosity val-
ues of component1 and component 2, respectively, R and T have
their usual meanings.

VE/ cm3 mol1    
x1M1 x2M2

m
----------------------------  

x1M1

1
------------  

x2M2

2
------------

 
 
 

    x11 x22 

G*E
  RT mVm  x1 V1ln 1 x2 V22ln ln 

Table 3. Experimental data of density () and viscosity () for the Propiophenone with o-xylene, m-xylene and p-xylene binary mixtures at
T=(303.15-318.15) K

X1
Density ()/g·cm3 Viscosity ()/mPa·s

303.15 K 308.15 K 313.15 K 318.15 K 303.15 K 308.15 K 313.15 K 318.15 K
PPH+o-xylene

0.0000 0.8671 0.8648 0.8625 0.8601 0.7197 0.6799 0.6401 0.6003
0.0918 0.8813 0.8791 0.8768 0.8745 0.7803 0.7412 0.7028 0.6655
0.1852 0.8954 0.8932 0.8909 0.8886 0.8462 0.8075 0.7686 0.7306
0.2804 0.9094 0.9071 0.9048 0.9025 0.9151 0.8758 0.8362 0.7977
0.3774 0.9233 0.9210 0.9186 0.9161 0.9876 0.9475 0.9074 0.8682
0.4762 0.9371 0.9347 0.9322 0.9297 1.0642 1.0234 0.9827 0.9429
0.5769 0.9508 0.9483 0.9457 0.9431 1.1455 1.1039 1.0625 1.0221
0.6796 0.9643 0.9617 0.9591 0.9565 1.2306 1.1888 1.1467 1.1057
0.7843 0.9778 0.9751 0.9724 0.9697 1.3205 1.2781 1.2354 1.1938
0.8911 0.9911 0.9883 0.9856 0.9827 1.4143 1.3703 1.3270 1.2847
1.0000 1.0045 1.0015 0.9985 0.9955 1.5150 1.4690 1.4230 1.3770

PPH+m-xylene
0.0000 0.8526 0.8491 0.8457 0.8423 0.5540 0.5268 0.4996 0.4724
0.0931 0.8685 0.8652 0.8620 0.8587 0.6331 0.6054 0.5780 0.5515
0.1877 0.8841 0.8809 0.8778 0.8746 0.7155 0.6871 0.6578 0.6296
0.2837 0.8996 0.8964 0.8933 0.8902 0.8010 0.7707 0.7396 0.7096
0.3812 0.9149 0.9118 0.9087 0.9056 0.8901 0.8578 0.8249 0.7930
0.4803 0.9301 0.9271 0.9241 0.9210 0.9833 0.9490 0.9142 0.8805
0.5809 0.9453 0.9423 0.9393 0.9363 1.0811 1.0448 1.0082 0.9726
0.6831 0.9603 0.9574 0.9545 0.9515 1.1830 1.1451 1.1065 1.0690
0.7871 0.9753 0.9724 0.9695 0.9666 1.2893 1.2496 1.2091 1.1696
0.8927 0.9900 0.9871 0.9842 0.9813 1.3997 1.3571 1.3146 1.2731
1.0000 1.0045 1.0015 0.9985 0.9955 1.5150 1.4690 1.4230 1.3770

PPH+p-xylene
0.0000 0.8488 0.8456 0.8424 0.8395 0.5703 0.5411 0.5119 0.4827
0.0934 0.8651 0.8621 0.8590 0.8562 0.6511 0.6214 0.5926 0.5639
0.1882 0.8811 0.8782 0.8752 0.8725 0.7322 0.7035 0.6731 0.6428
0.2844 0.8970 0.8941 0.8911 0.8884 0.8164 0.7868 0.7548 0.7228
0.3820 0.9127 0.9098 0.9069 0.9041 0.9040 0.8727 0.8391 0.8055
0.4811 0.9284 0.9255 0.9225 0.9198 0.9955 0.9623 0.9270 0.8918
0.5817 0.9439 0.9410 0.9381 0.9353 1.0918 1.0562 1.0193 0.9823
0.6839 0.9593 0.9565 0.9536 0.9508 1.1918 1.1552 1.1165 1.0778
0.7876 0.9746 0.9718 0.9689 0.9662 1.2963 1.2579 1.2175 1.1771
0.8930 0.9897 0.9868 0.9840 0.9811 1.4048 1.3632 1.3210 1.2788
1.0000 1.0045 1.0015 0.9985 0.9955 1.5150 1.4690 1.4230 1.3770

The standard uncertainties for density u ()=0.001 kg·cm3, viscosity u ()=0.0010 mPa·s, mole fraction u (x1)=0.0001, temperature u (T)=
0.01 K and for time u (t)=0.01 sec
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1. Single Adjustable Interaction Parameters
d) Grunberg and Nissan [19] proposed the following logarith-

mic equation for the measurement of viscosity of liquid mixtures:;

 (4)

where d12 is a parameter proportional to interchange energy; it may
be considered as an approximate measure to know the strength of
molecular interactions between the mixing components.

e) Katti and Chaudhri [20] proposed the following equation:

(5)

where Wvis/RT is an interaction energy parameter, and x1 and x2

are the mole fractions.
f) Hind et al. [21] suggested an equation for the viscosity of binary

liquid mixtures as

(6)

where H12 is Hind interaction constant which is a function of
composition and temperature,  is the predicted value of dynamic
viscosity.

g) Tamara-Kurata’s equation [22] for the viscosity of binary liquid
mixtures:

(7)

where i is the ideal state volume fraction and is defined by the
relation:

(8)

where Øi is the volume fraction of the pure components, xi is
the mole fraction and Vi is the molar volume

h) Frenkel [23] equation

(9)

where F12 is Frenkel interaction constant which is a function of
composition and temperature,  is the predicted value of dynamic
viscosity.
2. Two Adjustable Interaction Parameters

Experimental viscosity data were incorporated in the McAllis-
ter’s three body model equation to compute the adjustable interac-
tions parameters and standard deviation of the studied binary mix-
tures for the entire composition range at T=(303.15 to 318.15) K.

a) The McAllister three body relation is

(10)

where  is the viscosity of the binary liquid mixture and, x1, 1, M1,
x2, 2, M2 are the mole fractions, viscosities and molecular weights
of component 1 and component 2, respectively. ‘a’ and ‘b’ are the
adjustable interaction parameters.

b) Heric equation:

(11)

where mix is the viscosity of the binary liquid mixture and, x1, 1,
M1, x2, 2, M2 are the mole fractions, viscosities and molecular
weights of component 1 and component 2, respectively. ‘12’ and
‘21’ are the adjustable interaction parameters.
3. Three Adjustable Interaction Parameters

Experimental viscosity data were incorporated in several rela-
tions to compute the adjustable interactions parameters and stan-
dard deviations of the studied binary mixtures for the entire com-
positions range at T=(303.15 to 318.15) K.

a) The McAllister four body model relation is

(12)

b) Auslander model is

(13)

c) Jouyban-Acree equation is

(14)

where  is the viscosity of the binary liquid mixture and, x1, 1, M1,
x2, 2, M2 are the mole fractions, viscosities and molecular weights
of component 1 and component 2 respectively. A, B, C, B12, A21,
B21, A0, A1, and A2 are the adjustable interaction parameters.
4. Viscosity Relations with No Adjustable Parameters

Viscosities of binary liquid mixtures are calculated by using the
following relations having without any adjustable parameters and
also computed the Standard deviation percentages.

a) Kendall and Monroe equation [24]

(15)

where  is the viscosity of the binary liquid mixture and, x1, 1,
x2, 2, are the mole fractions and viscosities of component 1 and
component 2, respectively.

b) Bingham equation [25]

(16)

where xi, i are the mole fraction and viscosity of ith component,
respectively.

c) Arrhenius equation [26] for the viscosity of pure liquid and
mixtures can be modified as

(17)

d) Kendall equation-viscosity of binary liquid mixture is given as

(18)

  x1 1ln  x2 2ln   x1x2d12ln

V  x1 V1ln 1 x2 V22  ln x1x2Wvis/RTln

  x1
21 x2

22  2x1x2H12

  x1Ø11 x2Ø22   2 x1Ø1x2Ø2 0.5T12

i  
xiVi

i1
2 xiVi

------------------

ln   x1
2 ln 1 x2

2 ln 2  2x1x2F12

  x1
3 1 3x1

2x2 a  3x1x2
2 bln   x2

3 2lnlnlnln

 x1 
x2M2

M1
------------ 

 ln   3x1
2x2 2   

M2

M1
------- 

 /3ln

 3x1x2
2 1 2

M2

M1
------- 

 /3ln   x2
3 M2

M1
------- 
 ln

mix    x1 1 ln   x2 2   x1 M1 ln   x2 M2 lnlnln

 x1M1 x2M2 ln   x1x2 12   21 x1 x2  

  x1
4 1 4x1

3x2 A  6x1
2x2

2 B  4x1x2
3 Cln   x2

4 2lnlnlnlnln

 x1 
x2M2

M1
------------ 

 ln   4x1
3x2 3  

M2

M1
------- 

 /4ln

 6x1
2x2

2 1 
M2

M1
------- 

 /2ln  

 4x1x2
3 1 3

M2

M1
------- 

 /4   x2
4 M2

M1
------- 
 lnln

  1x1 x1 B12x2   2 A21x2 B21x1 x2   / x1 x1 B12x2 

 A21x2  B21x1 x2 

ln   x1 1ln  x2 2ln   A0
x1x2

T
---------   A1

x1x2 x1 x2 
T

----------------------------

 A2
x1x2 x1 x2 2

T
------------------------------

  x11
1/3

  x22
1/3 

3

  xii

Vln   xi iln Vi

ln   xi iln
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5. Standard Deviation Percentage ( %)
Standard deviation percentage ( %) between the experimental

and calculated viscosity values is computed by using the relation as

(19)

where  (%) is the standard deviation percentage, n is the num-
ber of experimental points and ‘k’ is the number of coefficient. exp

and cal are the experimental and calculated viscosity values of the
binary liquid mixtures.

RESULTS AND DISCUSSION

Computed parameter values (VE, , G*E, d12, Wvis/RT, H12, T12,
F12) are given in Table 4(a)-4(c) at temperatures from T=(303.15-
318.15) K for the binary mixtures of propiophenone with o-xylene,
m-xylene and p-xylene.
1. Excess Molar Volume (VE)

Fig. 1 shows that the values of excess molar volume are negative
for the binary mixtures of propiophenone with o-xylene, m-xylene
and p-xylene over the entire composition range at T=(303.15) K.
VE values are decreasing with increase in temperature from 303.15
K to 318.15 K. VE values are high at mole fractions 0.4762, 0.4803
and 0.4811 for the binary liquids PPH+o-xylene, PPH+m-xylene
and PPH+p-xylene, respectively, at all four temperatures.

More negative VE values for the PPH+p-xylene are obtained than
the other two binary liquids. Negative values of VE suggest specific
intermolecular interactions between the components. Fewer nega-
tive values are observed for the o-xylene, due to the presence of steric
hindrance. It suggests the presence of significant charge transfer
(donor-acceptor) interactions between PPH and isomeric xylenes.
This is also supported by Nain et al. [27,28]. The order of the studied
systems was PPH+p-xylene>PPH+m-xylene> PPH+o-xylene.
2. Deviation in Viscosity ()

The deviation in viscosity reveals the strength of intermolecular
interactions. Under the current study, deviations in viscosity ()
values (Fig. 2 to 5) are negative for all the studied binary liquid
mixtures and the negative values are decreasing with increase in
temperature.

The negative values may be due to dispersion or weak dipole-

 %    
1

n  k
----------- 100 exp  cal 

exp
-----------------------------------
 
 
 

2


 
 
 

1/2

Fig. 1. Plot of excess molar volume (VE) against mole fraction of (X1)
for PPH+o-xylene (◆), PPH+m-xylene (■), and PPH+p-
xylene (▲) binary systems at T=303.15 K.

Fig. 2. Plot of deviation in viscosity against mole fraction of (X1) at
T=303.15 K (◆), 308.15 K (■), 313.15 K (▲) and 318.15 K
(×) for the PPH+o-xylene system.

Fig. 3. Plot of deviation in viscosity against mole fraction of (X1) at
T=303.15 K (◆), 308.15 K (■), 313.15 K (▲) and 318.15 K
(×) for the PPH+m-xylene system.

Fig. 4. Plot of deviation in viscosity against mole fraction of (X1) at
T=303.15 K (◆), 308.15 K (■), 313.15 K (▲) and 318.15 K
(×) for the PPH+p-xylene system.

Fig. 5. Plot of deviation in viscosity against mole fraction of (X1) for
PPH+o-xylene (◆), PPH+m-xylene (■), and PPH+p-xylene
(▲) binary systems at T=303.15 K.
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actions and hydrogen bonding) between unlike molecules, which
is in accordance with Reed and Taylor [32], where it is explained
that the positive deviations in Gibbs free energy activation G*E may
be due to specific interactions like hydrogen bonding and charge
transfer, whereas the negative deviations may be due to dispersion
forces within the systems. Fig. 6-8, represents the graph for the Gibbs
free energy (G*E) values for each binary system at T=(303.15-318.15)
K. Fig. 9 represents the graph for Gibbs free energy values of all
the three systems at T=303.15 K.
4. Grunberg Nissan (d12)

Under the current study, the values of  and d12 are negative and
positive, respectively, over the entire composition range for all the
three binary mixtures, which indicates weak specific interactions
between unlike molecules; it is in agreement with the Nigam and
Mahal [33] where it is explained that negative  and positive d12

indicates weak specific interactions, positive values of both devia-
tion of viscosity  and Grunberg-Nissan parameter d12 indicate
the presence of strong specific interactions, and negative values of
both  and d12 indicate absence of specific interactions.
5. Katti-Chaudhary (Wvis/RT) and Frenkel (F12)

The values Wvis/RT and F12 of all the three studied binary liquid

dipole intermolecular interactions on the addition of one compo-
nent to the other [15,29], □-□* interactions between the □-elec-
trons of the isomeric xylenes and the □* electrons of the phenyl
group, deviations in viscosity is less negative to more negative from
p-xylene to o-xylene, it is supported by Singh et al. [4,9].

This is due to the difference in size and shape of the component
molecules and the loss of dipolar association in pure component,
which is in agreement with Fort and Moore [30] and Pikkarainen
[31]. It is generally explained that deviation in viscosity tends to
become more negative where dispersion and dipolar interactions
are operating and positive deviation in viscosity () tends to in-
crease as the specific interactions and charge transfer complexes
increases. The deviations in viscosity values at the equimolar com-
position were peak and their values were 0.0342, 0.0323 and
0.0293 for PPH+o-xylene, PPH+m-xylene and PPH+p-xylene re-
spectively at T=303.15 K. The interactions are in order of PPH+p-
xylene>PPH+m-xylene>PPH+o-xylene.
3. Gibbs Free Energy (G*E)

Positive G*E values wer observed for all the three studied binary
mixtures, indicating specific interactions (like dipole-dipole inter-

Fig. 7. Plot of deviations in Gibbs free energy (G*E) against mole
fraction of (X1) at T=303.15 K (◆), 308.15 K (■), 313.15 K
(▲) and 318.15 K (×) for the PPH+m-xylene system.

Fig. 6. Plot of deviations in Gibbs free energy (G*E) against mole
fraction of (X1) at T=303.15 K (◆), 308.15 K (■), 313.15 K
(▲) and 318.15 K (×) for the PPH+o-xylene system.

Fig. 9. Plot of deviation in Gibbs free energy (G*E) against mole frac-
tion of (X1) for PPH+o-xylene (◆), PPH+m-xylene (■), and
PPH+p-xylene (▲) binary systems at T=303.15 K.

Fig. 8. Plot of deviations in Gibbs free energy (G*E) against mole
fraction of (X1) at T=303.15 K (◆), 308.15 K (■), 313.15 K
(▲) and 318.15 K (×) for the PPH+p-xylene system.
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mixtures are positive for the entire composition range except some
stray points of F12 where some negative values were observed, which
supports the existing specific interactions for all the three binary
liquid mixtures.
6. Tamara-Kurata (T12) and Hind et al. (H12)

The values of single interaction parameters of Tamara-Kurata
(T12), and Hind et al. (H12) do not differ appreciably from each
other. This is in agreement with Fort and Moore [30] in regard to
the nature of parameters T12 and H12. Positive values are observed
for all the three binary liquid mixtures over the entire composi-
tion range, and the values are decreasing with increase in tempera-
tures from 303.15 to 318.15 K.
7. Viscosity Relations

Viscosity values were calculated by using the relations of Kend-
all-Monroe, Bingham, Arrehnius-Eyring’s, and Kendall. Results were
compared with the experimental data. Average standard deviation
percentage ( %) values were calculated and tabulated in Table 5.
Bingham values ( %=1.92 to 2.27 for PPH+o-xylene, 1.98 to 2.32
for PPH+m-xylene and 1.49 to 2.01 for PPH+p-xylene) were con-
sistent at all the three binary mixtures, whereas other three rela-
tion values were comparatively higher.
8. Viscosity Relations with Two and Three Interaction Parameters

Viscosity data were used to calculate the two/three interaction
parameters by correlating with the McAllister’s three/four body
equations, Heric relation (two parameters), Auslander (three adjust-
able parameters) and Jouyban-Acree (three interaction parame-
ters) relations and respective standard deviations with the method
of least squares. Interaction coefficients, standard deviation values
and standard deviation percentages from these relations are tabu-
lated in Table 6 and Table 7.

Interaction parameters of the respective model equations have
theoretical significance and are functions of interaction energies.
Depending on the intermolecular interactions the parameter val-
ues may be positive or negative.

In the McAllister’s three body model equation (two interaction
parameters), the standard deviation percentage values ( %) are rang-
ing from 0.22 to 2.63 for PPH+o-xylene, 2.01 to 7.43 for PPH+m-

xylene, 3.35 to 17.79 for PPH+p-xylene at temperatures from (303.15
to 318.15) K. Heric equation’s  % values are higher than the McAl-

Table 5. Standard deviation percentage values against viscosity relations of the binary mixtures of Propiophenone with o-xylene, m-xylene
and p-xylene at T=(303.15-318.15)

Binary mixture T/K
Kendall-Munroe Bingham Arrhenius Kendall

% % % %
PPH+o-xylene 303.15 0.95 2.27 1.42 2.52

308.15 1.25 2.19 1.79 2.92
313.15 1.58 2.10 2.21 3.37
318.15 2.06 1.92 2.78 3.97

PPH+m-xylene 303.15 3.42 2.32 5.04 6.17
308.15 3.73 2.22 5.46 6.57
313.15 4.03 2.15 5.87 6.97
318.15 4.45 1.98 6.42 7.51

PPH+p-xylene 303.15 3.40 2.01 4.97 6.00
308.15 3.89 1.74 5.57 6.58
313.15 4.27 1.61 6.07 7.08
318.15 4.69 1.49 6.61 7.62

Fig. 10. Standard deviation values of McAllister three (◆)/four body
(■) models, Auslander (▲) relation and Jouyban-Acree
(×) relation for the binary mixtures of PPH+[(a) o-xylene,
(b) m-xylene and (c) p-xylene] at T=(303.15-318.15) K.
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lister three body model.
Among McAllister three/four body models and Auslander, the

values of a, b, A, B, C, B12, A21 and B21 adjustable parameters are
positive, supporting weak type of molecular interactions for all the
three binary liquid mixtures. Parameter values of Jouyban-Acree and
Heric relations are positive and negative; it indicates non-linear molec-
ular interactions. The standard deviation values are ranging from
(0.0003-0.0013) for the McAlister’s four body model and Jouyban-
Acree models followed by Auslander ranging from (0.0004-0.0029)
for the three interaction parameter relations of the studied binary

mixtures. Fig. 10 shows the standard deviation values for the McAllis-
ter’s 3 body and 4 body, Auslander and Jouyban-Acree relations.

McAllister’s three and four body model parameter values are
decreasing with increase in temperature, and  values are increas-
ing with increase in temperatures for all the three binary mix-
tures. In the two adjustable parameter relations, McAllister’s three
body model standard deviation values are having more satisfactory
results than the Heric equation, and in the three adjustable param-
eter relations, Jouyban-Acree relation followed by McAllister’s four
body models and Auslander relations are in good agreement with

Table 8. Coefficients of Redlich-Kister Polynomial Equation & standard deviation values of binary systems PPH+o-xylene, PPH+m-xylene
and PPH+p-xylene at T=(303.15-318.15) K

Property Temp. (K) A0 A1 A2 A3 A4 

PPH+o-xylene
VE (cm3·mol1) 303.15 0.8670 0.0753 0.1743 0.2326 0.0239 0.0006

308.15 0.9874 0.1634 0.0159 0.1234 0.0129 0.0006
313.15 1.0855 0.1856 0.1532 0.0724 0.0214 0.0006
318.15 1.1711 0.2226 0.4018 0.0403 0.0642 0.0010

 (mPa·s) 303.15 0.1371 0.0001 0.0186 0.0040 0.0532 0.0002
308.15 0.1297 0.0027 0.0413 0.0057 0.0691 0.0002
313.15 0.1208 0.0012 0.0290 0.0022 0.0117 0.0003
318.15 0.1093 0.0039 0.0458 0.0095 0.0080 0.0001

G*E (J·mol1) 303.15 3.5637 0.4594 0.5014 0.1204 1.1909 0.0046
308.15 4.0591 0.6076 1.1561 0.0624 1.7203 0.0065
313.15 4.6441 0.8486 1.2737 0.1121 0.9524 0.0066
318.15 5.4238 0.9560 1.3102 0.8633 0.5449 0.0016

PPPH+m-xylene
VE (cm3·mol1) 303.15 1.0546 0.1157 0.3391 0.0005 0.0003 0.0005

308.15 1.2069 0.0619 0.4436 0.1543 0.0513 0.0010
313.15 1.3406 0.0224 0.5897 0.3193 0.2006 0.0010
318.15 1.4561 0.0558 0.7375 0.1754 0.1290 0.0007

 (mPa·s) 303.15 0.1290 0.0002 0.0189 0.0028 0.0203 0.0001
308.15 0.1218 0.0001 0.0433 0.0056 0.0390 0.0001
313.15 0.1155 0.0001 0.0361 0.0070 0.0001 0.0002
318.15 0.1054 0.0012 0.0470 0.0087 0.0225 0.0000

G*E (J·mol1) 303.15 8.8062 2.3546 0.8256 0.3326 0.1816 0.0057
308.15 9.2914 2.5668 1.8766 0.6871 0.8154 0.0036
313.15 9.8274 2.7662 1.7258 1.0290 0.4227 0.0039
318.15 10.5137 3.0182 2.1063 1.6684 1.4205 0.0033

PPH+p-xylene
VE (cm3·mol1) 303.15 1.1640 0.0698 0.3132 0.0310 0.0210 0.0010

308.15 1.3039 0.0813 0.4817 0.1302 0.1362 0.0015
313.15 1.4072 0.1320 0.6817 0.0138 0.1179 0.0009
318.15 1.5508 0.0930 0.8723 0.0736 0.0360 0.0016

 (mPa·s) 303.15 0.1169 0.0003 0.0234 0.0006 0.0237 0.0002
308.15 0.1016 0.0001 0.0644 0.0029 0.0264 0.0003
313.15 0.0934 0.0067 0.0658 0.0176 0.0054 0.0000
318.15 0.0851 0.0006 0.0669 0.0034 0.0370 0.0003

G*E (J·mol1) 303.15 8.4468 2.1655 0.9909 0.8847 1.2265 0.0036
308.15 9.1832 2.7434 2.4338 0.3888 0.5695 0.0026
313.15 9.8300 2.9787 2.5678 0.8661 0.4963 0.0013
318.15 10.5453 3.2660 2.7074 1.3630 1.7089 0.0041
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the experimental data of the studied three binary mixtures. Among
all the correlative approaches, McAllister three/four body models
have a good number of correction terms. In the overall analysis, as
the number of interaction adjustable parameters increases, the pre-
dicting ability of the correlating relations gives better results.

The values of excess molar volume (VE), deviations in viscosity
() and excess Gibbs Energy (G*E) with respect to the mole frac-
tion at temperatures from 303.15 K to 318.15 K were fitted to the
Redlich-Kister Equation [34] of the type:

(20)

where, YE is for VE,  and G*E in the polynomial degree. The val-
ues of a0, a1, a2, a3, and a4 are the coefficients of the polynomial
equation and were obtained by the method of least-squares and
are given in Table 8 along with standard deviation values. The
standard deviations are calculated by using the equation:

(21)

where n is the total number of experimental points and m is the
number of coefficients.

CONCLUSIONS

Densities and viscosities of Propiophenone with o-xylene, m-
xylene and p-xylene were measured over the entire composition
range at T=(303.15 to 318.15) K. Excess molar volume (VE), devi-
ation of viscosities () and excess Gibb’s free energy (G*E) of acti-
vation for viscous flow were calculated by using the experimental
data, and the results were correlated with Redlich-Kister polyno-
mial equation to compute the coefficients and standard devia-
tions. The G*E, Wvis/RT, H12, d12, F12 and T12 values were positive
for all the three binary mixtures, which suggests weak intermolec-
ular interactions. Viscosity data were compared with several viscos-
ity relations like Kendall-Monroe, Bingham, Arrhenius, and Kendall.
Experimental viscosity data correlated with the McAllister three/
four body models, Heric, Auslander and Jouyban-Acree relations.
Based on the standard deviation percentage values, Auslander rela-
tion, Jouyban-Acree relation and McAllister’s four body model are
in good agreement with the experimental data. It is concluded that
the increase in the number of parameters gives better predicting
ability. These findings would be helpful to control the process param-
eters and manufacture equipment where accurate design is re-
quired for various chemical and industrial processes, such as sepa-
ration of chemicals, fluid flow, heat flow or chemical reactions.
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