
 

 

PLEASE SCROLL DOWN FOR ARTICLE

This article was downloaded by:
On: 28 January 2011
Access details: Access Details: Free Access
Publisher Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

Physics and Chemistry of Liquids
Publication details, including instructions for authors and subscription information:
http://www.informaworld.com/smpp/title~content=t713646857

Volumetric, ultrasonic and viscometric studies of molecular interactions in
binary mixtures of aromatic+aliphatic alcohols at different temperatures
A. Alia; A. K. Naina; D. Chanda; R. Ahmadb

a Department of Chemistry, Jamia Millia Islamia (Central University), New Delhi - 110 025, India b

Department of Chemistry, Z. H. College (Delhi University), Delhi - 110 002, India

To cite this Article Ali, A. , Nain, A. K. , Chand, D. and Ahmad, R.(2005) 'Volumetric, ultrasonic and viscometric studies of
molecular interactions in binary mixtures of aromatic+aliphatic alcohols at different temperatures', Physics and
Chemistry of Liquids, 43: 2, 205 — 224
To link to this Article: DOI: 10.1080/00319100500050426
URL: http://dx.doi.org/10.1080/00319100500050426

Full terms and conditions of use: http://www.informaworld.com/terms-and-conditions-of-access.pdf

This article may be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, loan or sub-licensing, systematic supply or
distribution in any form to anyone is expressly forbidden.

The publisher does not give any warranty express or implied or make any representation that the contents
will be complete or accurate or up to date. The accuracy of any instructions, formulae and drug doses
should be independently verified with primary sources. The publisher shall not be liable for any loss,
actions, claims, proceedings, demand or costs or damages whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.

http://www.informaworld.com/smpp/title~content=t713646857
http://dx.doi.org/10.1080/00319100500050426
http://www.informaworld.com/terms-and-conditions-of-access.pdf


Physics and Chemistry of Liquids
Vol. 43, No. 2, April 2005, 205–224

Volumetric, ultrasonic and viscometric studies of molecular

interactions in binary mixtures of aromaticQaliphatic

alcohols at different temperatures

A. ALIy*, A.K. NAINy, D. CHANDy and R. AHMADz

yDepartment of Chemistry, Jamia Millia Islamia (Central University),
New Delhi – 110 025, India

zDepartment of Chemistry, Z. H. College (Delhi University),
Delhi – 110 002, India

(Received 22 November 2004)

The densities, �, ultrasonic speeds, u and viscosities, � of pure benzyl alcohol, 1-propanol,
2-propanol and those of their binary mixtures, with benzyl alcohol as a common component,
have been measured at 298.15, 303.15, 308.15 and 313.15K over the entire composition
range. The excess molar volume, VE, deviation in isentropic compressibility, �ks, excess thermal
expansivity, �E, deviations in ultrasonic speed, �u and viscosity, ��, partial molar volume
and compressibility, �VVo

�, 2 and �KKo
�, 2 of 1-propanol/2-propanol in benzyl alcohol at infinite

dilution have been evaluated from the experimental data. The results have been used to discuss
the nature and strength of intermolecular interactions in these mixtures. The VE values
have also been calculated theoretically by using the Flory’s statistical theory and
Prigogine–Flory–Patterson theory. The calculated VE values were found in good agreement
with the experimental VE values. The thermal expansivity, � and isothermal compressibility,
kT have been calculated theoretically by using Flory’s theory and various hard sphere
models, and were compared with experimental � and kT values.

Keywords: Density; Ultrasonic speed; Viscosity; Thermal expansivity; Isothermal
compressibility

1. Introduction

The studies on volumetric, ultrasonic and viscometric properties of liquid mixtures
and their dependence on composition and temperature are of importance in many
fields of applied research and find applications in many important chemical, industrial
and biological processes [1,2]. As a part of our ongoing research focusing on experi-
mental and theoretical studies of several thermodynamic, acoustic and transport
properties of non-aqueous binary liquid mixtures containing alcohols [3–5], here we
report the results of our study on the binary mixtures of benzyl alcohol (BA) with
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isomers of propanol over the entire composition range. It is well-known that alcohols
are self-associated in the pure state [6]. Despite the extensive studies on binary
mixtures of alcohols [7,8], so far relatively less attention has been given to the mixtures
containing an aromatic alcohol [9]. The mixtures of BA with aliphatic alcohols are
interesting to study because of the possibility of weak � � � �H bonding, in addition
to the hydrogen bonding between unlike molecules. The weak � � � �H bonding of
aromatic rings with proton donors appears to play an important role in the structure
of certain biomolecules [10]. These considerations led us to undertake the present study.

The present work reports the densities, �, ultrasonic speeds, u and viscosities, � of the
binary mixtures of BA with 1-propanol and 2-propanol, including those of pure liquids,
at 298.15, 303.15, 308.15 and 313.15K, over the whole composition range expressed by
the mole fraction, x1 of BA. The experimental values of �, u and � have been used to
evaluate the excess molar volume, VE, deviation in isentropic compressibility, �ks,
excess thermal expansivity, �E, deviations in ultrasonic speed, �u and viscosity, ��,
partial molar volume and compressibility, �VVo

�, 2 and �KKo
�, 2 of 1-propanol/2-propanol

in BA at infinite dilution. The composition and temperature dependences of these
evaluated parameters have been used to interpret the nature and extent of
intermolecular interactions in these mixtures.

The experimental values of VE were analysed and compared with the theoretically
calculated VE values by using Flory’s statistical theory [11,12] and Prigogine–Flory–
Patterson theory [13,14]. The thermal expansivity, � and the isothermal compressibility,
kT were evaluated theoretically by using Flory’s statistical theory [11,12] and various
hard sphere models compiled by Pandey et al. [15–17]; and were compared with the
experimental � and kT values.

2. Experimental

Benzyl alcohol, 1-propanol and 2-propanol (all s.d. fine chemicals, India, AR grade)
were purified by using the standard procedures described in the literature [18]. Before
use, the liquids were stored over 0.4 nm molecular sieves to reduce the traces of
water, if any, and were degassed. The mixtures were prepared by mass in a dry box
and were kept in special airtight bottles. The weighings were done on Precisa
XB-220A, Swiss make electronic balance with precision of �0.1mg.

The densities of pure liquids and their binary mixtures were measured by using
single capillary pycnometer (made of Borosil glass) having a bulb capacity of
8� 10�6m3. The capillary, with graduated marks, had a uniform bore and could
be closed by a well-fitting glass cap. The marks on the capillary were calibrated by
using triple-distilled water. The densities of pure water at required temperatures were
taken from the literature [19]. The accuracy in density measurements was found to
be �0.0001 g cm�3. The ultrasonic speeds in pure liquids and in their mixtures were
measured by using a single-crystal variable-path ultrasonic interferometer operating
at 3MHz with an accuracy of �0.05%. The viscosities of pure liquids and their
binary mixtures were measured by using Ubbelohde-type suspended level viscometer.
The viscometer was allowed to stand in a thermostatic water bath for 30min
so that the thermal fluctuations in viscometer were minimised. The viscosity data
were reproducible within �0.0005 cP. The reliability of the experimental measurements
of �, u and � were checked by comparing the experimental data of pure liquids
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with the corresponding literature values, which were available at the investigated
temperatures (table 1). The comparison shows that the experimental values of �, u
and � are in good agreement with the literature values [3,18,20–34]. The temperature
of the test samples during the measurements was maintained to an accuracy of
�0.02K in an electronically controlled thermostatic water bath (JULABO, Model-
MD, Germany).

3. Results and discussion

The experimental values of �, u and � of pure BA, 1-propanol, 2-propanol and those of
their 18 binary mixtures as a function of mole fraction, x1 of BA and temperature are
listed in table 2. From these experimental data, the excess functions VE, �ks, �

E, �u,
and ��, have been calculated by using the following relations:

VE ¼ x1M1
1

�
�

1

�1

� �
þ x2M2

1

�
�

1

�2

� �
ð1Þ

�ks ¼ ks � ð�1ks1 þ �2ks2Þ ð2Þ

�E ¼ �� ð�1�1 þ �2�2Þ ð3Þ

�u ¼ u� ðx1u1 þ x2u2Þ ð4Þ

�� ¼ �� ðx1�1 þ x2�2Þ ð5Þ

where � is the volume fraction; M is the molar mass; R is the universal gas constant;
T is the absolute temperature; the subscripts 1 and 2 stand for pure components,

Table 1. Comparison of experimental density, �, ultrasonic speed, u and viscosity, � of pure liquids with the
corresponding literature values at different temperatures.

Liquid T (K)

� (kgm�3) u (m s�1) � (10�3N sm�2)

Expt. Lit. Expt. Lit. Expt. Lit.

BA 298.15 1040.1 1040.11a 1528.4 – 4.9365 4.928a

4.935b

303.15 1036.5 – 1510.8 – 4.2011 –
308.15 1033.0 1032.9c 1496.3 1496.3c 3.6601 3.664b

313.15 1029.2 1483.6 3.1210 3.181b

1-Propanol 298.15 799.5 799.54d 1208.1 1206.5e 1.9324 1.922f

799.6f 1.915g

303.15 795.5 795.58g 1192.6 1192.0h 1.7185 1.7843i

1.714g

308.15 791.4 791.62g 1178.1 – 1.5252 1.560g

791.29 j

313.15 787.4 787.47i 1160.2 – 1.3203 1.397i

787.5k

2-Propanol 298.15 780.7 780.5l 1145.5 1140.6m 1.9850 2.0436f

781.02n 2.0377o

303.15 776.5 776.59p 1126.3 1126.0h 1.7345 1.7618o

1.740q

308.15 772.3 772.2q 1111.2 1105.3m 1.4824 1.5193o

313.15 768.2 – 1091.3 – 1.2809 1.3112o

aRef. [20]; bRef. [21]; cRef. [3]; dRef. [22]; eRef. [23]; fRef. [18]; gRef. [24]; hRef. [25]; iRef. [26]; jRef. [27]; kRef. [28]; lRef. [29];
mRef. [30]; nRef. [31]; oRef. [32]; pRef. [33], qRef. [34].
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Table 2. Experimental values of densities, �, ultrasonic speeds, u and viscosities, � of binary mixtures as
a function of mole fraction, x1 of benzyl alcohol at different temperatures.

x1

T (K)

298.15 303.15 308.15 313.15

� (kgm�3)
BAþ 1-Propanol

0.0000 799.5 795.5 791.4 787.4
0.0744 825.6 821.8 818.0 814.2
0.1531 851.2 847.5 843.8 840.1
0.2366 876.2 872.6 869.0 865.4
0.3252 900.7 897.1 893.5 889.9
0.4196 924.8 921.2 917.6 914.0
0.5203 948.5 944.9 941.3 937.7
0.6278 971.9 968.3 964.7 961.1
0.7431 995.0 991.4 987.8 984.2
0.8668 1017.7 1014.1 1010.5 1006.9
1.0000 1040.1 1036.5 1033.0 1029.2

BAþ 2-Propanol
0.0000 780.7 776.5 772.3 768.2
0.0760 809.1 805.0 800.9 796.8
0.1562 836.8 832.8 828.8 824.8
0.2409 863.8 859.9 856.0 852.1
0.3305 890.4 886.5 882.6 878.7
0.4254 916.6 912.8 908.9 905.0
0.5262 942.2 938.4 934.6 930.8
0.6334 967.3 963.6 959.8 956.0
0.7476 992.0 988.3 984.6 980.9
0.8695 1016.2 1012.5 1008.8 1005.1
1.0000 1040.1 1036.5 1033.0 1029.2

u (m s�1)
BAþ 1-Propanol

0.0000 1208.1 1192.6 1178.1 1160.2
0.0744 1258.8 1245.0 1232.2 1216.8
0.1531 1303.1 1290.3 1278.1 1264.2
0.2366 1342.1 1329.5 1317.7 1304.2
0.3252 1375.5 1363.3 1352.2 1339.0
0.4196 1405.1 1392.5 1380.5 1368.1
0.5203 1432.8 1419.7 1408.1 1396.2
0.6278 1459.1 1445.1 1433.4 1421.1
0.7431 1483.5 1468.3 1456.0 1444.4
0.8668 1505.4 1489.5 1476.4 1464.5
1.0000 1528.4 1510.8 1496.3 1483.6

BAþ 2-Propanol
0.0000 1145.5 1126.3 1111.2 1091.3
0.0760 1206.6 1190.2 1176.0 1157.2
0.1562 1259.2 1243.1 1229.5 1212.4
0.2409 1305.1 1288.5 1275.8 1260.2
0.3305 1346.5 1331.1 1318.1 1303.5
0.4254 1383.3 1367.3 1355.4 1341.4
0.5262 1415.8 1400.1 1388.1 1375.1
0.6334 1446.4 1431.2 1419.9 1407.5
0.7476 1475.0 1460.3 1448.5 1436.5
0.8695 1502.2 1485.5 1473.6 1463.0
1.0000 1528.4 1510.8 1496.3 1483.6

(continued )
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BA and 1-propanol/2-propanol, respectively; V, ks and � are the molar volume,
isentropic compressibility and thermal expansivity, respectively, and were calculated
by using the following standard relations:

V ¼
ðx1M1 þ x2M2Þ

�
ð6Þ

ks ¼ �u2
� ��1

ð7Þ

� ¼
1

�

� �
@�

@T

� �
p

ð8Þ

The values of VE, �ks, �
E, �u, and �� of the binary mixtures, at each investigated

temperature, were fitted to a Redlich–Kister [35] type polynomial equation

FE ¼ x1x2
X5
i¼1

Aið1� 2x1Þ
i�1 ð9Þ

where FE stand for VE or �ks or �
E or �u or ��. Ai are the polynomial coefficients

and x2 is the mole fraction of 1-propanol/2-propanol. The coefficients, Ai evaluated

Table 2. Continued.

x1

T (K)

298.15 303.15 308.15 313.15

� (10�3N sm�2)
BAþ 1-Propanol

0.0000 1.9324 1.7185 1.5252 1.3203
0.0744 2.0383 1.7957 1.5875 1.3675
0.1531 2.1970 1.9184 1.6868 1.4468
0.2366 2.4005 2.0832 1.8275 1.5620
0.3252 2.6513 2.2882 2.0020 1.7089
0.4196 2.9318 2.5200 2.2010 1.8770
0.5203 3.2496 2.7835 2.4288 2.0700
0.6278 3.5934 3.0706 2.6780 2.2815
0.7431 3.9902 3.4045 2.9675 2.5300
0.8668 4.4334 3.7762 3.2922 2.8070
1.0000 4.9365 4.2011 3.6601 3.1210

BAþ 2-Propanol
0.0000 1.9850 1.7345 1.4824 1.2809
0.0760 2.0333 1.7760 1.5321 1.3381
0.1562 2.1671 1.8957 1.6493 1.4320
0.2409 2.3659 2.0599 1.7956 1.5562
0.3305 2.6065 2.2582 1.9745 1.7009
0.4254 2.8795 2.4865 2.1715 1.8705
0.5262 3.2025 2.7558 2.4062 2.0702
0.6334 3.5701 3.0605 2.6754 2.3031
0.7476 3.9750 3.4003 2.9752 2.5568
0.8695 4.4230 3.7849 3.3036 2.8283
1.0000 4.9365 4.2011 3.6601 3.1210
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by using least-squares method with all points weighed equally, together with the
standard deviations, � (FE) are given in table 3. The variations of VE, �ks, �

E, �u,
and �� with mole fraction, x1 of BA and temperature for the binary mixtures are
shown graphically in figures 1–5.

Table 3. Coefficients, Ai of equation (9) and standard deviations, � (FE) for the binary mixtures
at different temperatures.

T (K) A1 A2 A3 A4 A5 � (FE)

BAþ 1-Propanol
VE (10�6m3mol�1)

298.15 �1.7966 �0.7664 �0.5185 �0.0955 0.2123 0.0004
303.15 �1.9099 �0.8592 �0.6328 �0.1511 0.2503 0.0012
308.15 �2.0257 �0.9895 �0.6911 �0.3151 0.1726 0.0021
313.15 �2.1837 �1.0412 �0.8781 �0.2949 0.1682 0.0031

�ks (10
�11m2N�1)

298.15 �3.4665 �1.6144 �0.9392 �0.2494 0.3573 0.0004
303.15 �3.7415 �1.7834 �1.0136 �0.2931 0.2718 0.0009
308.15 �4.0034 �1.9193 �1.1129 �0.3962 0.1764 0.0038
313.15 �4.3284 �2.1017 �1.3842 �0.5417 0.1930 0.0035

�E (10�4K�1)
298.15 �1.5752 �1.5817 �2.7815 4.1613 6.6579 0.0188
303.15 �1.5956 �1.6013 �2.8168 4.1798 6.7083 0.0189
308.15 �1.6188 �1.6206 �2.8321 4.1813 6.7297 0.0191
313.15 �1.6430 �1.6393 �2.8672 4.2096 6.7685 0.0192

�u (m s�1)
298.15 2.3715 1.1178 0.8677 0.3855 �0.5535 0.0012
303.15 2.5147 1.2026 0.8813 0.3711 �0.4580 0.0010
308.15 2.6275 1.2068 0.9972 0.4740 �0.4948 0.0038
313.15 2.7524 1.2764 0.9509 0.4892 �0.1935 0.0036

�� (10�3N sm�2)
298.15 �1.0027 �0.2834 �0.5795 �0.3241 0.3023 0.0016
303.15 �0.9221 �0.2674 �0.5284 �0.2844 0.2837 0.0012
308.15 �0.8421 �0.2624 �0.4686 �0.2407 0.2887 0.0011
313.15 �0.7605 �0.2401 �0.4469 �0.2267 0.3232 0.0010

BAþ 2-Propanol
VE (10�6m3mol�1)
298.15 �2.3201 �0.8064 0.0766 �0.2448 �0.6462 0.0019
303.15 �2.4004 �0.8469 �0.0664 �0.3414 �0.4063 0.0019
308.15 �2.4629 �0.9082 �0.1801 �0.4843 �0.1364 0.0028
313.15 �2.5530 �0.9266 �0.4952 �0.3745 0.3011 0.0039

�ks (10
�11m2N�1)

298.15 �4.9419 �2.3198 �0.9051 �0.5997 �0.4715 0.0023
303.15 �5.3206 �2.4500 �1.0294 �1.0337 �0.8012 0.0046
308.15 �5.6531 �2.5768 �1.2781 �1.0557 �0.7284 0.0038
313.15 �6.1165 �2.8469 �1.5375 �0.8773 �0.6505 0.0039

�E (10�4K�1)
298.15 �1.6044 �1.0377 �3.7170 0.2983 6.6523 0.0292
303.15 �1.6252 �1.0522 �3.7603 0.3004 6.7205 0.0294
308.15 �1.6459 �1.0667 �3.7907 0.2975 6.7751 0.0297
313.15 �1.6681 �1.0768 �3.8285 0.3156 6.8366 0.0300

�u (m s�1)
298.15 2.8450 1.3529 0.3816 0.1712 0.3775 0.0024
303.15 2.9643 1.2945 0.3450 0.4970 0.6653 0.0051
308.15 3.0788 1.2323 0.4640 0.4657 0.6333 0.0046
313.15 3.1921 1.2392 0.7065 0.2629 0.4706 0.0037

(continued )
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The curves in figures 1 and 2 show that the values of VE and�ks are negative over the
whole composition range at all the investigated temperatures for both the systems under
study. The behaviour of VE and �ks with composition may be qualitatively examined.
As stated above, both the components (BA and 1-propanol/2-propanol) of these
mixtures are self-associated in the pure state [7]. The mixing of BA with 1-propanol/
2-propanol would induce mutual breaking of hydrogen-bonded structures in these
liquids resulting in expansion in volume, making VE and �ks values positive. On the
other hand, there is a possibility of subsequent formation of (new) hydrogen bonds
between unlike molecules resulting in contraction in volume and decrease in compress-
ibility of the mixture. The observed negative VE and �ks values indicate that
BA–alkanol interaction is stronger than BA–BA or alkanol–alkanol interactions
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Figure 1. Plots of excess molar volume VE against mole fraction x1 of BA for (a) BAþ 1-propanol and
(b) BAþ 2-propanol binary mixtures at different temperatures. Points show experimental values and lines
show smoothed values calculated by using equation (9).

Table 3. Continued.

T (K) A1 A2 A3 A4 A5 � (FE)

�� (10�3N sm�2)
298.15 �1.3771 �0.6043 �0.0947 �0.2280 �0.8087 0.0014
303.15 �1.1430 �0.4529 0.0320 �0.3892 �0.6611 0.0010
308.15 �0.9109 �0.3665 0.1636 �0.3000 �0.6953 0.0017
313.15 �0.7364 �0.3970 0.2204 �0.0167 �0.4947 0.0020
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in both the systems under study. Negative VE and �ks values for the present mixture
are indicative of strong interactions (mainly due to H-bonding) between unlike
molecules, as suggested by Fort and Moore [36]. Apart from the strong H-bonding,
relatively weak hydrogen bonding (� � � �H) between �-electrons of benzene ring of
BA and proton of alkanol may also exist. This is supported by the fact that recently
Larsen et al. [37] have also predicted the existence of weak � � � �H bonding between
benzene and tert-butyl alcohol molecules. Further, it is clear from figures 1 and 2
that VE and �ks values for BAþ 2-propanol mixtures are more negative than those
for BAþ 1-propanol mixtures, suggesting that the strength of interaction between
unlike molecules in BAþ 2-propanol system is greater than that in BAþ 1-propanol
system. This may be due to þI effect of two methyl groups attached to �-carbon
atom in 2-propanol (as compared to only one ethyl group at �-carbon in 1-propanol),
which enhance the proton-accepting ability of oxygen atom of hydroxyl group
of 2-propanol than in 1-propanol. Thus, stronger H-bonds are formed between
2-propanol and BA molecules than between 1-propanol and BA molecules and,
hence, more negative VE and �ks values for BAþ 2-propanol system are observed.
Further, it is also evident from figures 1 and 2 that VE and �ks values become
more negative with increase in temperature of the mixtures for both the systems.
Increase in temperature promotes the breaking up of associates present in the
pure liquids releasing more and more free dipoles of unlike molecules in the
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Figure 2. Plots of deviations in isentropic compressibility �ks against mole fraction x1 of BA for
(a) BAþ 1-propanol and (b) BAþ 2-propanol binary mixtures at different temperatures. Points show
experimental values and lines show smoothed values calculated by using equation (9).
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mixture which interact with each other forming greater number of BA-1-propanol/
2-propanol H-bonds. As a result, VE and �ks become more negative with rise in
temperature.

The values of excess thermal expansivity, �E are negative (figure 3) over the whole
composition range for both the systems under study at all investigated temperatures.
In general, negative �E values indicate the formation of new interactions between
unlike molecules and positive �E values are attributed to self-association of components
in the mixtures [38]. The trends observed in �E values for the present mixtures
suggest the formation of H-bonding between unlike (BA and propanol) molecules.
The increasingly negative �E values with increase in temperature indicate enhanced
A-B type interaction between components of the mixture.

Figure 4 shows that the values of �u are positive over the entire composition range
for both the systems at all the studied temperatures. This suggests the presence of strong
interaction between unlike molecules in the mixture. These trends in �u strongly
support the behaviours of VE, �ks and �E values. Kawaizumi et al. [39] suggested
that the concentration at which �u versus x1 curves exhibit a maximum indicates
strong interaction between unlike molecules in the mixtures. �u values become more
positive (figure 4) with rise in temperature for both the systems under study. This
again supports increased interaction between unlike molecules in the mixture as the
temperature of the mixture increases.
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Figure 3. Plots of excess thermal expansivity �E against mole fraction x1 of BA for (a) BAþ 1-propanol and
(b) BAþ 2-propanol binary mixtures at different temperatures. Points show experimental values and lines
show smoothed values calculated by using equation (9).
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The curves in figure 5 indicate that �� values are negative over the whole composi-
tion range for both the systems at all the studied temperatures. These trends in ��
values indicate the presence of dispersion forces in these mixtures. Also, negative ��
values are observed for the mixtures having component molecules of different
molecular size [4,40], as in the present mixtures.

The apparent molar volume, V�,2 and apparent molar compressibility, k�,2 of
1-propanol/2-propanol in BA, at all the temperatures investigated, were calculated
by using the relations [41,42]

V�, 2 ¼ V�
2 þ

VE

x2
ð10Þ

K�, 2 ¼ K�
�, 2 þ

KE
s

x2
ð11Þ

where KE
S [¼ (KsV)

E] is the excess molar compressibility of the mixture; V�
2 and K�

�, 2 are
the molar volume and molar isentropic compressibility of 1-propanol/2-propanol,
respectively. The partial molar volume, �VVo

�, 2 and partial molar compressibility, �KKo
�, 2

of 1-propanol/2-propanol in BA at infinite dilution were obtained by the method
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Figure 4. Plots of deviations in ultrasonic speed �u against mole fraction x1 of BA for (a) BAþ 1-propanol
and (b) BAþ 2-propanol binary mixtures at different temperatures. Points show experimental values and lines
show smoothed values calculated by using equation (9).
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described elsewhere [23,41]. The deviations in V�,2 and K�,2 at infinite dilution, �V and
�K, respectively, were calculated by using the relations [41]

�V ¼ �VVo
�, 2 � V�

2 ð12Þ

�K ¼ �KKo
�, 2 � K�

�, 2 ð13Þ

The values of �VVo
�, 2, V

�
2 , �V, �KKo

�, 2, K
�
�, 2, and �K are listed in table 4. A close perusal of

table 4 indicates that the deviations �V are negative at each investigated temperature
for both the systems under study. This clearly suggests that on mixing there is contrac-
tion in volume of the mixture. The deviations in �K are also negative (table 4) for both
the systems, at all the studied temperatures. This further suggests that the molar
compressibilities of 1-propanol and 2-propanol molecules in the mixture at infinite
dilution, �KKo

�, 2 are less than their molar compressibility in the pure state. This, again,
suggests a contraction in volume of the mixture. Negative values for both �V and
�K at each investigated temperatures suggest that BA–alkanol interactions are
stronger than BA–BA or alkanol–alkanol interactions. It is interesting to note that
�V and �K values (table 4) are more negative for BAþ 2-propanol mixtures than
for BAþ 1-propanol mixtures, thereby indicating that the strength of BA� 2-propanol
interaction is greater than that BA� 1-propanol interaction.
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Figure 5. Plots of deviations in viscosity �� against mole fraction x1 of BA for (a) BAþ 1-propanol and
(b) BAþ 2-propanol binary mixtures at different temperatures. Points show experimental values and lines
show smoothed values calculated by using equation (9).
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Thus, the behaviours of VE, �ks, �u, �E, ��, �V and �K for the systems
investigated support each other.

4. Theoretical analysis

4.1. Excess molar volume

The Flory statistical theory [11,12], which is generally valid for non-polar liquids and
their mixtures, and its modified form known as Prigogine–Patterson–Flory (PFP)
theory [13,14], which is applicable to both non-polar and polar molecules in liquids
and their mixtures, have been successfully employed to estimate and analyse excess
thermodynamic functions of binary liquid mixtures by a number of workers in recent
years. In the present work we have applied both the theories to predict the excess
molar volume, VE for the mixtures under study. According to the Flory equation
of state [11,12], VE is given by the equation

VE ¼
X2
i¼1

xiV
�
i

" #
ð ~VVoÞ

7=3

ð4=3Þ � ð ~VVoÞ
1=3

" #
ð ~TT � ~TT�Þ ð14Þ

The modified version of Flory’s theory known as Prigogine–Flory–Patterson theory
[11–13] has been successfully applied to the liquid mixtures containing non-polar as
well as polar molecules to predict the excess properties of solutions. According to the
PFP theory, VE can be calculated from the equation

VE

x1V
�
1 þ x2V

�
2

¼
ð ~VV1=3 � 1Þ ~VV2=3 1�2�12

½ð4=3Þ ~VV�1=3 � 1�P�
1

�
ð ~VV1 � ~VV2Þ

2
½ð14=9Þ ~VV�1=3 � 1�

½ð4=3Þ ~VV�1=3 � 1� ~VV
 1 2

þ
ð ~VV1 � ~VV2Þ

P�
1 2 þ P�

2 1
ðP�

1 � P�
2Þ 1 2 ð15Þ

Table 4. The values of �VVo
�, 2, V

�
�, 2, �V, �KKo

�, 2, K
�
�, 2 and �K of alkanols in BA for the binary mixtures

at different temperatures.

(10�6m3mol�1) (10�14m5N�1mol�1)

T (K) �VVo
�, 2 V�

�, 2 �V �KKo
�, 2 K�

�, 2 �K

BAþ 1-Propanol
298.15 73.913 75.172 �1.529 4.541 6.442 �1.901
303.15 74.245 75.550 �1.305 4.624 6.677 �2.053
308.15 74.618 75.941 �1.323 4.706 6.914 �2.208
313.15 74.865 76.250 �1.462 4.793 7.187 �2.394

BAþ 2-Propanol
298.15 75.371 76.982 �1.611 4.785 7.515 �2.730
303.15 75.774 77.399 �1.624 4.904 7.857 �2.953
308.15 76.221 77.820 �1.599 4.974 8.161 �3.187
313.15 76.554 78.235 �1.681 5.052 8.551 �3.499
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The first term on the right-hand side of equation (15) represents the interaction contri-
bution, VE (int.), the second term accounts for the free volume contribution, VE (fv.),
and the third term is the internal pressure (ip.) contribution, VE (P*);  , � and P* are the
contact energy fraction, surface site fraction and characteristic pressure, respectively,
and are calculated by using the equations

 1 ¼ 1�  2 ¼
�1P

�
1

�1P�
1 þ �2P

�
2

ð16Þ

�2 ¼ 1� �1 ¼
�2

�2 þ �1ðV�
1 =V

�
2 Þ

1=3
� � ð17Þ

P� ¼
T ~VV2�

kT
ð18Þ

The notations and terms used in equations (14–18) are the same as given in the litera-
ture [11–14,43–45]. The other parameters pertaining to pure liquids and the mixtures
are obtained by using the expressions given in the literature [11–14] and are listed
in table 5. The contact interaction parameter, �12 required for the calculation of
VE from PFP theory has been derived by fitting the VE expression to the experimental
equimolar value of VE for each system under study.

The values of �12, �2, three PFP contributions (VE (int.), VE (fv.) and VE (P*)), along
with the experimental and calculated VE values by using Flory and PFP theory (at near
equimolar composition) are given in table 6. It is clear from table 6 that the calculated
values of VE (Flory) and VE (PFP) by using Flory’s statistical theory and PFP theory,

Table 5. Physical constants and characteristic parameters for pure liquids used in Flory and PFP theories.

Parameter BA 1-Propanol 2-Propanol

Cp (Jmol�1K�1) 217.9 143.9 156.5
� (10�3K�1) 0.696 0.943 1.068
kT (10�10m2N�1) 4.805 9.955 11.435
ks (10

�10m2N�1) 4.116 8.570 9.762
V (10�6m3mol�1) 103.97 75.172 76.982
~VV 1.1819 1.2359 1.2615
V* (10�6m3mol�1) 87.969 60.823 61.022
P* (106 J cm�3) 603.34 431.44 443.27
T* (K) 6503 5405 5047
Tc (K) 715.0 536.8 508.3

Table 6. Values of �12, �2, experimental and calculated VE (using Flory and PFP theories) and three PFP
contributions for near equimolar composition at 298.15K.

BAþ �2

VE (10�6 m3mol�1)

�12
(Jmol�1) Expt. Flory PFP

PFP contributions

int. fv. ip.

1-Propanol 0.4143 �6.457 �0.4410 �0.3811 �0.4726 �0.0942 �0.0700 �0.3084
2-Propanol 0.4137 �2.180 �0.5671 �0.5757 �0.6032 �0.0315 �0.1530 �0.4187
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respectively, agree reasonably well with the experimental VE values for both the systems
under study, with PFP theory providing slightly better results for BAþ 1-propanol
system, whereas Flory theory provides slightly better results for BAþ 2-propanol
system. It is also clear from table 6 that all the three contributions of PFP theory,
viz., interactional, free volume and internal pressure, are negative for both the systems
under study, with internal pressure contributing major part and, hence, plays dominant
role in deciding the sign and magnitude of VE (PFP) values. Furthermore, the composi-
tion dependence of calculated VE (PFP) values has been checked by comparing the
VE (PFP) values obtained using �12 value over the entire mole fraction range.
The VE (PFP) and VE (Flory) values have been plotted against mole fraction, x1 of
BA for comparison with VE (expt.) for the binary mixtures at 298.15K (figure 6).
Figure 6 indicates that both PFP and Flory theories predict the trend of dependence
of VE on composition quite successfully.

4.2. Thermal expansivity

Thermal expansivity, � is an important thermodynamic property which is useful in
calculating a number of thermodynamic parameters. But, surprisingly no attention
has been paid by the researchers to the theoretical prediction of � of binary liquid
mixtures, except a recent study by Pandey et al. [15], who have computed the values
of � for some binary and ternary liquid mixtures by using Flory’s statistical theory
[11,12] and various hard sphere models and compared these � values with the
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Figure 6. Comparison of experimental VE values with those calculated from Flory and PFP theories for the
binary mixtures at 298.15K.
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experimental � values. In the present work an attempt has been made to evaluate and
compare the theoretical � values of pure liquids and their binary mixtures by using
Flory’s statistical theory [11,12] and seven hard sphere models [15–17] with the
experimental � values calculated from the density data using equation (8) at 298.15K.

Flory’s statistical theory [11,12] gives an � value as

� ¼
3ð ~VV1=3 � 1Þ

T ½1� f3ð ~VV1=3 � 1Þg�
ð19Þ

where ~VV is the reduced volume and is obtained for the binary mixtures.
The values of � were calculated theoretically by using the following equations of

state derived from various hard sphere models.

Thiele–Lebowitz Model:

� ¼
1

T
�
ð1� y3Þ

ð1þ 2yÞ2
ð20Þ

Thiele Model:

� ¼
1

T
�
ð1þ 2yþ 3y2Þð1� yÞ

ð1þ 5yþ 9y2 � 3y3Þ
ð21Þ

Carnhan–Starling Model:

� ¼
1

T
�
ð1þ yþ y2 � 3y3Þð1� yÞ

ð1þ 4yþ 4y2 � 4y3 þ y4Þ
ð22Þ

Guggenheim Model:

� ¼
1

T
�
ð1� yÞ

ð1þ 3yÞ
ð23Þ

Scaled-particle theory Model:

� ¼
1

T
�
ð1� yÞ

ð1þ yÞ
ð24Þ

Henderson Model:

� ¼
1

T
�

ð8þ y2Þð1� yÞ

ð8þ 8yþ 3y2 � y3Þ
ð25Þ
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Hoover–Ree Model:

� ¼
1

T
�
ð1þ 4yþ 10y2 þ 18:36y3 þ 28:2y4 þ 39:5y5Þ

ð1þ 8yþ 30y2 þ 73:44y3 þ 141:0y4 þ 237:0y5Þ
ð26Þ

where y is the packing fraction calculated by using the relation

y ¼
�d3N

6V
ð27Þ

where d is the rigid sphere diameter of the molecules of pure liquids and liquid
mixtures and N is the Avogadro’s number. The values of d were calculated by using
the relation [45]

d5=2 ¼
1

ð7:21� 1019Þ

� �
�
ðV	1=4Þ

T1=4
c

ð28Þ

where Tc is the critical temperature and 	 is the surface tension of liquids and their
mixtures. The values of 	 were evaluated from ultrasonic speed by using the relation [46]

	 ¼ 6:3� 10�4�u3=2 ð29Þ

The values of Tc for the mixtures were evaluated as

Tc ¼ x1Tc1 þ x2Tc2 ð30Þ

The theoretically predicted values of � (by using Flory’s theory and seven hard sphere
models), experimental � values calculated using equation (8) and average standard
percentage error, � (%) in the predicted values for the mixtures under study are
given in table 7. It is clear from table 7 that the Flory’s statistical theory with minimum
� (%) value predicts the � values well followed by the Guggenheim model, while the
Scaled particle theory [25] gives the maximum � (%) value.

4.3. Isothermal compressibility

Literature survey indicates that there have been very few studies [16,17] on the theore-
tical prediction of isothermal compressibility, kT of liquid mixtures by using Flory’s
statistical theory [11,12] and various hard sphere models [15–17]. In the present study
the values of kT have been evaluated by using equation (18) based on Flory theory
and various rigid sphere equations based on hard sphere models. The following rigid
sphere equations were used

Lebowitz–Frisch–Helford Model:

kT ¼
V

RT
�
ð1� yÞ4

ð1þ 2yÞ2
ð31Þ
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Theil–Wertheim Model:

kT ¼
V

RT
�

ð1� yÞ3

ð1þ 5yþ 9y2 � 3y3Þ
ð32Þ

Carnahan–Starling Model:

kT ¼
V

RT
�
ð1� yÞ5

ð1þ 3yÞ
ð33Þ

Guggenheim Model:

kT ¼
V

RT
�

ð1� yÞ4

ð1þ 4yþ 4y2 � 4y3 þ y4Þ
ð34Þ

Hoover–Ree Model:

kT ¼
V

RT
� ð1þ 8yþ 30y2 þ 73:44y3 þ 141:0y4 þ 273:0y5Þ�1

ð35Þ

Table 7. The experimental values of thermal expansivity, �, theoretically calculated values of � by using
Flory theory and various hard sphere models and average percentage deviations, � (%) in the calculated

values for the binary mixtures at 298.15K.

x1

� (10�3 K�1)

Expt. Flory
Equation

(20)
Equation

(21)
Equation

(22)
Equation

(23)
Equation

(24)
Equation

(25)
Equation

(26)

BAþ 1-Propanol
0.0000 0.943 0.943 0.816 1.032 1.076 0.861 1.370 1.346 1.069
0.0744 0.921 0.905 0.787 1.006 1.048 0.832 1.333 1.310 1.051
0.1531 0.869 0.871 0.763 0.984 1.024 0.807 1.301 1.278 1.035
0.2366 0.822 0.840 0.741 0.964 1.002 0.785 1.273 1.249 1.022
0.3252 0.799 0.813 0.723 0.947 0.983 0.766 1.248 1.225 1.010
0.4196 0.779 0.789 0.706 0.931 0.965 0.750 1.225 1.202 1.000
0.5203 0.759 0.767 0.691 0.917 0.949 0.734 1.204 1.181 0.991
0.6278 0.741 0.747 0.677 0.904 0.934 0.719 1.185 1.162 0.983
0.7431 0.724 0.728 0.663 0.891 0.920 0.706 1.167 1.144 0.975
0.8668 0.707 0.712 0.652 0.880 0.907 0.694 1.150 1.128 0.968
1.0000 0.696 0.696 0.640 0.869 0.895 0.682 1.134 1.111 0.961
� (%) ¼ �0.61 10.08 �18.41 �22.70 4.57 �55.76 �52.84 �27.16

BAþ 2-Propanol
0.0000 1.068 1.068 0.827 1.042 1.087 0.872 1.384 1.360 1.076
0.0760 1.013 1.007 0.794 1.013 1.055 0.839 1.342 1.318 1.055
0.1562 0.956 0.955 0.767 0.988 1.028 0.811 1.307 1.283 1.038
0.2409 0.903 0.908 0.744 0.967 1.004 0.788 1.276 1.253 1.023
0.3305 0.876 0.867 0.724 0.948 0.983 0.767 1.249 1.226 1.011
0.4254 0.840 0.831 0.706 0.931 0.965 0.749 1.225 1.202 1.000
0.5262 0.807 0.798 0.690 0.916 0.949 0.733 1.204 1.181 0.991
0.6334 0.775 0.769 0.676 0.903 0.933 0.719 1.184 1.161 0.982
0.7476 0.746 0.743 0.663 0.891 0.920 0.706 1.166 1.143 0.975
0.8695 0.728 0.718 0.651 0.879 0.907 0.693 1.149 1.127 0.968
1.0000 0.696 0.696 0.640 0.869 0.895 0.682 1.134 1.111 0.961
� (%) ¼ 0.53 15.65 �11.08 �15.10 10.48 �46.11 �43.37 �19.31
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The theoretically calculated values of kT for the binary mixtures at 298.15K by using
Flory theory equation (18) and hard sphere equations of state equations (31–35) have
been compared with the experimental kT values calculated by using the equation [45]

kT ¼ ks þ
T�2V

Cp
ð36Þ

where Cp is the heat capacity. The values of Cp for pure liquids have been taken
from literature [47] and for the mixtures the values of Cp were calculated by using
the additive relation

Cp ¼ x1Cp1 þ x2Cp2 ð37Þ

The predicted values of kT (using Flory theory and five hard sphere equations),
experimental values of kT (using equations (36)) and average percentage error in the
predicted values for the systems under study are given in table 8.

A close perusal of table 8 reveals that, again, Flory’s theory predicts the kT values
well, for both the systems under study, followed by Hoover–Ree equation and then

Table 8. The experimental values of isothermal compressibility, kT, theoretically calculated values of kT by
using Flory theory and various hard sphere models and average percentage deviations, � (%) in the calculated

values for the binary mixtures at 298.15K.

x1

kT (10�10m2N�1)

Expt. Flory
Equation

(31)
Equation

(32)
Equation

(33)
Equation

(34)
Equation

(35)

BAþ 1-Propanol
0.0000 9.955 9.955 10.129 13.243 10.991 8.800 9.853
0.0744 8.932 9.208 9.396 12.485 10.241 8.083 8.711
0.1531 8.044 8.267 8.815 11.889 9.647 7.514 7.810
0.2366 7.325 7.451 8.353 11.421 9.174 7.058 7.093
0.3252 6.791 6.929 7.995 11.070 8.811 6.703 6.532
0.4196 6.344 6.466 7.712 10.802 8.524 6.418 6.080
0.5203 5.954 6.054 7.475 10.587 8.287 6.176 5.697
0.6278 5.609 5.684 7.276 10.417 8.089 5.970 5.370
0.7431 5.307 5.352 7.118 10.296 7.934 5.802 5.098
0.8668 5.045 5.051 7.007 10.232 7.830 5.677 4.883
1.0000 4.805 4.805 6.905 10.181 7.735 5.559 4.683
� (%) ¼ �0.16 �29.10 �87.68 �44.58 �4.56 �1.87

BAþ 2-Propanol
0.0000 11.435 11.435 10.771 13.999 11.668 9.392 10.658
0.0760 9.973 10.246 9.840 13.022 10.713 8.486 9.234
0.1562 8.841 9.164 9.132 12.283 9.986 7.796 8.157
0.2409 7.950 8.234 8.584 11.717 9.424 7.262 7.328
0.3305 7.273 7.623 8.142 11.267 8.972 6.829 6.664
0.4254 6.689 6.996 7.794 10.921 8.616 6.485 6.139
0.5262 6.204 6.444 7.529 10.669 8.348 6.219 5.730
0.6334 5.782 5.955 7.312 10.474 8.130 5.998 5.389
0.7476 5.414 5.519 7.141 10.332 7.960 5.819 5.109
0.8695 5.109 5.200 7.008 10.237 7.831 5.675 4.877
1.0000 4.805 4.805 6.905 10.181 7.735 5.559 4.683
� (%) ¼ �0.30 �22.09 �77.82 �36.82 1.26 3.52
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by Guggenheim equation for BAþ 1-propanol binary mixtures, whereas Guggenheim
equation predicts the data better than Hoover–Ree equation for BAþ 2-propanol
binary mixtures. However, the remaining three equations do not predict the kT
values well and show very large deviations in kT from experimental values for both
the mixtures under study.
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