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Abstract The densities, q, and viscosites, g, of mixtures of propanoic acid with equi-

molar mixtures of N,N-dimethyl formamide ? methanol/ethanol/1-propanol, over the

entire composition range of propanoic acid and including the pure liquids, have been

measured at the temperatures T/K = 303.15, 313.15, and 323.15. From this experimental

data, the excess molar volume, VE
m, deviation in viscosity, Dg, and excess Gibbs energy of

activation of viscous flow, DG*E, have been determined at all three temperatures. The

influence of temperature on these mixtures has been studied in terms of molecular inter-

actions. The calculated deviation and excess parameters have been fitted to a Redlich–

Kister type polynomial and the corresponding standard deviations were also evaluated.

Negative values of VE
m and positive values of Dg and DG*E are observed at all temperatures

over the entire composition range in the mixtures studied. The observed negative and

positive values of various excess and deviation parameters are attributed to the existence of

strong interactions, like dipole–dipole interactions, H-bonding between the carbonyl group

of acid molecules and hydroxyl group of alcohol groups, geometrical fitting of smaller

molecules into the voids created by larger molecules in the liquid mixtures. The strength of

these interactions in the mixtures was found to decrease with the rise in temperature and

increase with an increase of chain length of the alcohols. The derived partial molar vol-

umes and excess partial molar volumes also support the VE
m results. The experimental

viscosity data of all of these liquid mixtures have been correlated with four viscosity

models, those of Grunberg and Nissan, Hind et al., Katti and Chaudhri, and Heric and

Brewer. The Katti and Chaudhri model was found to be in good agreement with the

experimental values.
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1 Introduction

Knowledge of the temperature dependence of excess volumetric and transport properties of

liquid mixtures provides valuable information on the nature of inter molecular interactions

existing among the component molecules [1–3]. In continuation of our previous research,

recently we reported ultrasonic and volumetric studies of the binary mixtures of N,N-

dimethyl formamide with acrylic esters [4]. Alkanol molecules are polar and self-associ-

ated through hydrogen bonding of their hydroxyl groups [5]. Propanoic acid molecules are

also polar. N,N-dimethyl formamide has a large dipole moment l = 3.82 [6] and, in view

of this, dipole–dipole interactions are expected to play an important role in molecular

interactions present in the liquid mixtures. Alkanols are interesting simple examples of

biological and industrial important amphiphilic materials [7]. Propanoic acid is a naturally

occurring carboxylic acid and is used as an intermediate in the production of other

chemicals, especially polymers, plastics, and cosmetics. Amides, relevant liquid systems

for the study of molecular interactions, are among the most common solvents used in

chemical reactions and in many industrial processes.

Some excess properties of binary liquid mixtures of propanoic acid with aniline,

o-toluidine, o-anisidine, and o-chloroaniline were reported by Garcia et al. [8]. Solimo

et al. [9] reported the thermodynamic properties of binary liquid acid–base mixtures.

Viscosities and densities of binary mixtures of toluene with acetic acid and propanoic

acid at several temperatures were reported by Rattan et al. [10]. As there are no tem-

perature-dependent studies of similar liquid mixtures, particularly for the volumetric and

transport properties of the present liquid mixtures, the present study of the liquid mix-

tures of propanoic acid with equimolar mixtures of N,N-dimethyl formamide and

methanol/ethanol/1-propanol at three temperatures T/K = 303.15, 313.15, and 323.15

over the entire mole fraction range, x1, of propanoic acid, is expected to reveal new and

interesting results on molecular interactions.

In the present investigation, we report densities, q, and viscosities, g, of the liquid

mixtures at three different temperatures. The excess and deviation properties such as

excess molar volume, VE
m, deviation in viscosity, Dg, and excess

Gibbs energy of activation of viscous flow, DG*E, have been calculated using the

experimental values of q and g. The variation of VE
m, Dg and DG*E with composition and

temperature are discussed in terms of molecular interactions occurring among the mole-

cules of these mixtures.

2 Experimental Details

Propanoic acid (PA), N,N-dimethyl formamide (DMF), methanol (MOH), ethanol (EOH)

and 1-propanol (POH) used in the present study were AR grade products from LOBA

Chemicals, India and were purified by standard methods described in the literature [11, 12].

The mass fraction purity of the liquids obtained are[0.995. Before use, the chemicals were

stored over 0.4 nm molecular sieves for approximately 72 h to remove water and then

degassed.
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The mixtures were prepared by mass in air-tight bottles. The mass measurements were

performed with a METTLER TOLEDO (Switzerland) ABB5-S/FACT digital balance with

an accuracy ±0.01 mg. The uncertainty in the mole fractions is 1 9 10–4. Densities and

viscosities of pure liquids and liquid mixtures have been determined using a 5 cm3 two-

stem double-walled Parker and Parker type pyknometer [13] and an Ostwald viscometer

that was calibrated as described by Naidu and Ravindra Prasad [14], using triply distilled

water. The detailed experimental procedures adopted for the measurement of q and g are

the same as in our earlier studies reported in the literature [4, 15, 16]. The reproducibility in

the measured densities and viscosities are 3 in 105 parts and ±0.2 %, respectively. The

densities and viscosities of the pure liquids used in this investigation, at T/K = 303.15,

313.15, and 323.15, are compiled in Table 1 together with the available literature data

Table 1 Comparison of experimental values of the density, q, and viscosity, g, of pure liquids with their
corresponding literature values

Liquid q (kg�m–3) g (910–3) (N�s�m–2)

Experimental Literature Experimental Literature

T/K = 303.15

Methanol 781.6 781.7 [12] 0.513 0.5143 [12]

781.96 [17] 0.515 [17]

Ethanol 779.9 780.66 [12] 0.980 0.987 [12]

780.68 [17] 0.987 [17]

1-Propanol 795.1 795.65 [12] 1.716 1.725[12]

795.48 [17] 1.705[17]

N,N-dimethyl formamide 939.9 939.8 [18] 0.768 0.756 [18]

939.7 [19] 0.752 [20]

Propanoic acid 982.1 982.0 [10] 0.950 0.9498 [10]

T/K = 313.15

Methanol 772.9 772.36 [12] 0.446 0.448 [12]

772.21 [17] 0.452 [17]

Ethanol 771.1 772.12 [12] 0.812 0.823 [12]

772.13 [17] 0.814 [17]

1-Propanol 787.1 788.69 [12] 1.315 1.314 [12]

787.37 [17] 1.336 [17]

N,N-dimethyl formamide 932.1 930.2 [18] 0.678 0.673 [18]

929.8 [21] 0.664 [20]

Propanoic acid 973.4 971.0 [10] 0.848 0.8453 [10]

T/K = 323.15

Methanol 764.8 762.7 [22] 0.405 0.395 [22]

762.7 [23] 0.395 [23]

Ethanol 766.4 766.1 [22] 0.741 0.7493 [22]

1-Propanol 778.7 779.5 [23] 0.999 1.1004 [23]

1.1208 [24]

N,N-dimethyl formamide 921.6 920.1 [22] 0.593 0.614 [22]

921.14 [25] 0.6128 [26]

Propanoic acid 961.4 959.5 [10] 0.706 0.8102 [10]
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[10, 12, 17–26]. These results are found to be in good agreement with the reported liter-

ature data.

3 Results and Discussion

The experimentally measured values of q and g were used to calculate the excess and

deviation properties VE
m, Dg, and DG*E using the following equations:

VE
m ¼ Vm � x1V�1 þ x2V�2

� �
ð1Þ

Dg ¼ g� x1g
�
1 þ x2g

�
2

� �
ð2Þ

DG�E ¼ RT ln gVmð Þ � x1ln g�1V�1
� �

� x2ln g�2V�2
� �� �

ð3Þ

where Vm and g are the molar volume and viscosity of the mixture. V�1 and g�1 are the molar

volumes and viscosities of pure component 1 (propanoic acid) and V�2 and g�2 are the

effective molar volume and viscosity of an equimolar mixture of component 2 (N,N-

dimethyl formamide ?, methanol, ethanol, 1-propanol), respectively, and xi represents the

mole fraction of component ‘i’ in the mixture.

The experimental values of q and g and calculated values of VE
m, Dg, and DG*E are

reported in Tables 2, 3 and 4 for the studied systems at different temperatures over the

entire mole fraction, x1, of PA. It was observed that the density varies monotonically

with the concentration of propanoic acid at all temperatures, but the viscosity changes

non-linearly showing a maximum at about x1 & 0.6 in the PA-rich region at all

investigated temperatures in all of the systems. The observed maxima (peaks) were

found to increase with increasing chain length of alcohols. Such deviations may be

attributed to specific interactions arising from the formation of complexes among the

mixing molecules.

The deviation/excess properties have been fitted to a Redlich–Kister type polynomial

[27] equation:

DY ¼ x1x2

X4

i¼0

Ai x2 � x1ð Þi

YE ¼ x1x2

X4

i¼0

Ai x2 � x1ð Þi ð4Þ

where DY = Dg and YE = VE
m or DG*E. The Ai are adjustable parameters of this function

and are determined using the least-squares method. The corresponding standard deviations

r YEð Þ have been computed using the relation:

r YE
� �

¼
R YE

exp � YE
cal

� �2

m� nð Þ

2

64

3

75

1=2

ð5Þ

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

in Eq. 4. The coefficients Ai, and the standard deviations r, of all of the liquid mixtures are

presented in Table 5.
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The variations of VE
m for all of the systems, at different temperatures, are shown in

Figs. 1, 2 and 3. Figure 4 shows the variation of Dg with mole fraction of PA at all

temperatures for the (DMF ? MOH) ? PA system. The corresponding plot of Dg versus

Table 2 Experimental values of the density, q, viscosity, g, and calculated properties excess molar vol-

umes, VE
m, deviation in viscosities, Dg, and excess Gibbs energy of activation of viscous flow, DG*E, as

functions of the mole fraction of PA, x1, for the (DMF ? MOH) ? PA system at T/K = 303.15, 313.15 and
323.15 (the mole fractions of DMF and MOH are equal)

x1 q (kg�m-3) g (910–3)
(N�s�m-2)

VE
m (910–5)

(m3�mol-1)

Dg (910-3)
(N�s�m-2)

DG*E

(kJ�mol-1)

T/K = 303.15

0.0000 892.2 0.674 0.000 0.000 0

0.1142 906.3 0.758 -0.010 0.052 200

0.2189 919.3 0.868 -0.024 0.134 453

0.3240 931.5 1.001 -0.037 0.238 720

0.4218 942.2 1.130 -0.047 0.340 939

0.5248 952.7 1.267 -0.056 0.448 1135

0.6225 961.6 1.341 -0.060 0.495 1191

0.7209 969.4 1.341 -0.061 0.468 1104

0.8156 976.1 1.273 -0.056 0.374 889

0.9074 980.1 1.098 -0.035 0.174 440

1.0000 982.1 0.950 0.000 0.000 0

T/K = 313.15

0.0000 882.8 0.580 0.000 0.000 0

0.1142 895.9 0.653 -0.003 0.043 204

0.2189 908.2 0.729 -0.012 0.091 390

0.3240 920.4 0.837 -0.023 0.171 645

0.4218 931.0 0.940 -0.033 0.247 848

0.5248 942.1 1.041 -0.045 0.321 1006

0.6225 951.6 1.120 -0.054 0.374 1097

0.7209 960.0 1.115 -0.058 0.342 984

0.8156 966.8 1.060 -0.054 0.262 756

0.9074 971.1 0.950 -0.033 0.127 383

1.0000 973.4 0.848 0.000 0.000 0

T/K = 323.15

0.0000 878.3 0.503 0.000 0.000 0

0.1142 887.0 0.550 0.021 0.023 151

0.2189 898.4 0.610 0.013 0.062 338

0.3240 911.4 0.696 -0.011 0.127 590

0.4218 922.0 0.778 -0.026 0.189 797

0.5248 932.4 0.875 -0.039 0.265 1014

0.6225 940.9 0.919 -0.046 0.290 1053

0.7209 948.6 0.925 -0.050 0.275 976

0.8156 955.0 0.869 -0.047 0.200 720

0.9074 958.9 0.767 -0.028 0.080 302

1.0000 961.4 0.706 0.000 0.000 0
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concentration at T/K = 313.15 is shown in Fig. 5. The variations of DG*E with mole

fraction of PA for all of the systems at T/K = 323.15 are represented in Fig. 6. The

observed negative VE
m and positive Dg and DG*E values reveal that strong interactions exist

Table 3 Experimental values of the density, q, viscosity, g, and calculated properties excess molar vol-

umes, VE
m, deviation in viscosities, Dg, and excess Gibbs energy of activation of viscous flow, DG*E, as

functions of the mole fraction of PA, x1, for the (DMF ? EOH) ? PA system at T/K = 303.15, 313.15 and
323.15 (the mole fractions of DMF and EOH are equal)

x1 q (kg�m-3) g (910-3)
(N�s�m-2)

VE
m (910-5)

(m3�mol-1)

Dg (910-3)
(N�s�m-2)

DG*E

(kJ�mol-1)

T/K = 303.15

0.0000 871.2 0.758 0.000 0.000 0

0.1110 887.2 0.856 -0.016 0.076 238

0.2185 901.6 0.978 -0.029 0.178 509

0.3265 915.6 1.118 -0.042 0.297 781

0.4235 928.0 1.244 -0.053 0.405 992

0.5197 939.8 1.352 -0.061 0.494 1144

0.6276 952.6 1.391 -0.069 0.513 1152

0.7309 964.5 1.387 -0.076 0.489 1084

0.8216 972.7 1.316 -0.067 0.401 902

0.9121 978.4 1.132 -0.040 0.200 481

1.0000 982.1 0.950 0.000 0.000 0

T/K = 313.15

0.0000 866.6 0.649 0.000 0.000 0

0.1110 880.2 0.720 -0.005 0.049 192

0.2185 894.8 0.836 -0.023 0.144 502

0.3265 908.5 0.940 -0.037 0.227 728

0.4235 920.3 1.031 -0.045 0.298 897

0.5197 931.5 1.119 -0.052 0.367 1041

0.6276 944.0 1.169 -0.061 0.395 1077

0.7309 955.6 1.151 -0.068 0.357 961

0.8216 963.2 1.080 -0.057 0.268 736

0.9121 969.5 0.964 -0.036 0.134 385

1.0000 973.4 0.848 0.000 0.000 0

T/K = 323.15

0.0000 857.2 0.563 0.000 0.000 0

0.1110 870.1 0.619 -0.002 0.041 190

0.2185 884.0 0.707 -0.017 0.113 477

0.3265 897.2 0.789 -0.029 0.179 700

0.4235 908.6 0.858 -0.037 0.236 865

0.5197 919.7 0.931 -0.044 0.294 1024

0.6276 931.5 0.973 -0.051 0.320 1073

0.7309 942.2 0.963 -0.054 0.296 981

0.8216 950.3 0.902 -0.048 0.221 751

0.9121 957.0 0.789 -0.032 0.095 341

1.0000 961.4 0.706 0.000 0.000 0
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among unlike molecules of the mixtures. The factors that are mainly responsible for the

expansion of molar volume, i.e. positive values of VE
m, are the following. (i) Breaking of

the structure of one or both of the components in a solution, i.e. the loss of dipolar

Table 4 Experimental values of the density, q, viscosity, g, and calculated properties excess molar vol-

umes, VE
m, deviation in viscosities, Dg, and excess Gibbs energy of activation of viscous flow, DG*E, as

functions of the mole fraction of PA, x1, for the (DMF ? POH) ? PA system at T/K = 303.15, 313.15 and
323.15 (the mole fractions of DMF and POH are equal)

x1 q (kg�m-3) g (910-3)
(N�s�m-2)

VE
m (910-5)

(m3�mol-1)

Dg (910-3)
(N�s�m-2)

DG*E

(kJ�mol-1)

T/K = 303.15

0.0000 869.8 0.893 0.000 0.000 0

0.1109 885.0 1.002 -0.026 0.103 264

0.2178 899.5 1.099 -0.047 0.194 473

0.3264 913.8 1.227 -0.064 0.315 727

0.4283 926.8 1.339 -0.077 0.422 929

0.5306 939.4 1.447 -0.085 0.524 1106

0.6279 950.8 1.472 -0.088 0.543 1132

0.7279 961.6 1.452 -0.082 0.518 1085

0.8185 970.7 1.375 -0.072 0.436 937

0.9097 977.8 1.187 -0.047 0.242 559

1.0000 982.1 0.950 0.000 0.000 0

T/K = 313.15

0.0000 860.6 0.764 0.000 0.000 0

0.1109 875.1 0.865 -0.021 0.091 284

0.2178 889.6 0.958 -0.041 0.175 514

0.3264 904.2 1.047 -0.061 0.255 709

0.4283 917.0 1.136 -0.072 0.336 891

0.5306 929.7 1.203 -0.080 0.394 1009

0.6279 941.0 1.232 -0.082 0.415 1045

0.7279 952.0 1.195 -0.078 0.370 940

0.8185 960.8 1.120 -0.065 0.288 752

0.9097 967.8 1.005 -0.038 0.165 454

1.0000 973.4 0.848 0.000 0.000 0

T/K = 323.15

0.0000 851.0 0.655 0.000 0.000 0

0.1109 864.9 0.738 -0.018 0.077 289

0.2178 878.8 0.803 -0.036 0.137 489

0.3264 893.2 0.884 -0.057 0.212 718

0.4283 905.8 0.953 -0.068 0.276 896

0.5306 918.2 1.020 -0.077 0.338 1056

0.6279 929.2 1.032 -0.078 0.345 1067

0.7279 939.9 1.005 -0.074 0.313 976

0.8185 948.6 0.946 -0.062 0.249 800

0.9097 955.2 0.840 -0.032 0.138 473

1.0000 961.4 0.706 0.000 0.000 0
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association between the molecules (dispersion forces). (ii) The geometry of molecular

structures which does not favor the fitting of molecules of one component into the voids

created by the molecules of other component. (iii) Steric hindrance of the molecules. The

Table 5 Coefficients Ai of the Redlich–Kister type polynomial, Eq. 4, and the corresponding standard
deviations for all of the studied systems

(DMF ? MOH) ? PA

A0 A1 A2 A3 A4 r

T/K = 303.15

VE
m (910-5, m3�mol-1) -0.212 0.152 -0.112 0.085 0.067 0.001

Dg (910-3, N�s�m-2) 1.684 -1.834 0.075 1.194 -0.998 0.007

DG*E (kJ�mol-1) 4347.5 -3147.1 125.7 1380.3 -1897.6 15.5

T/K = 313.15

VE
m (910-5, m3�mol-1) -0.167 0.221 -0.142 0.024 0.116 0.001

Dg (910-3, N�s�m-2) 1.237 -1.415 -0.137 1.095 -0.436 0.005

DG*E (kJ�mol-1) 3946.0 -2985.7 -630.1 1995.5 -626.1 12.4

T/K = 323.15

VE
m (910-5, m3�mol-1) -0.145 0.237 0.065 0.208 0.128 0.002

Dg (910-3, N�s�m-2) 0.981 -1.225 -0.153 1.118 0.670 0.004

DG*E (kJ�mol-1) 3830.4 -3353.1 -668.7 2795.3 -1949.2 15.4

(DMF ? EOH) ? PA

T/K = 303.15

VE
m (910-5, m3�mol-1) -0.234 0.2049 -0.271 0.029 0.202 0.001

Dg (910-3, N�s�m-2) 1.880 -1.5067 -0.044 0.479 -0.436 0.011

DG*E (kJ�mol-1) 4413.6 -2421.6 141.4 -78.7 -611.3 20.7

T/K = 313.15

VE
m (910-5 m3�mol-1) -0.202 0.169 -0.276 0.134 0.344 0.001

Dg (910-3, N�s�m-2) 1.410 -1.104 -0.003 0.560 -0.778 0.004

DG*E (kJ�mol-1) 4042.9 -2085.3 346.7 442.9 -2174.1 12.5

T/K = 323.15

VE
m (910-5, m3�mol-1) -0.171 0.137 -0.134 0.155 0.148 0.001

Dg (910-3, N�s�m-2) 1.120 -1.001 0.257 0.708 -1.120 0.003

DG*E (kJ�mol-1) 3937.8 -2516.2 1127.0 1348.0 -3656.5 11.3

(DMF ? POH) ? PA

T/K = 303.15

VE
m (910-5, m3�mol-1) -0.332 0.132 -0.073 0.085 -0.086 0.001

Dg (910-3, N�s�m-2) 1.967 -1.605 -0.102 0.550 0.284 0.009

DG*E (kJ�mol-1) 4207.0 -2745.1 89.3 130.4 1209.1 15.7

T/K = 313.15

VE
m (910-5, m3�mol-1) -0.312 0.133 -0.101 0.055 0.112 0.001

Dg (910-3, N�s�m-2) 1.526 -1.003 -0.291 0.569 0.305 0.007

DG*E (kJ�mol-1) 3941.3 -2013.1 -274.2 735.5 1043.9 8.0

T/K = 323.15

VE
m (910-5, m3�mol-1) -0.298 0.145 -0.077 0.014 0.149 0.002

Dg (910-3, N�s�m-2) 1.282 -0.903 -0.341 0.523 0.437 0.004

DG*E (kJ�mol-1) 4048.7 -2300.5 -594.6 868.9 1682.8 9.6
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negative values of VE
m are due to strong specific interactions such as (iv) association of

molecules through the formation of hydrogen bonds or association due to dipole–dipole

interactions, or (v) the accommodation of molecules due to considerable differences in

molar volumes. The variations of the excess molar volumes in the present investigation

are negative over the entire mole fraction range [28]. The presence of strong interaction

is due to the hydrogen bonding (O���H–O–) between the carbonyl group (–C=O) of

amide molecules and the hydroxyl group (–OH) of alcohol molecules. When the third

component PA is added to the equimolar mixture, the existing hydrogen bond between

amide and alcohol groups is broken and a new hydrogen bond is formed between

unlike molecules of acid and alcohol. Moreover, all of the components of the liquid

mixtures studied are polar in nature having dipole moments of: methanol l = 1.70 D

[6], ethanol l = 1.69 D [6], 1-propanol l = 1.58 D [6], N,N-dimethyl formamide

l = 3.82 [6], and propanoic acid l = 1.75 [6]. Therefore, dipole–dipole interactions

are also present in the investigated liquid mixtures. In addition to these effects, physical

interactions such as geometrical fitting of smaller molecules into the voids created by

the larger molecules is also favorable for the present systems.

From Figs. 1, 2 and 3 it is observed that, as the temperature of the systems increases

excess molar volumes become less negative, indicating a decrease of the interactions

between the unlike molecules, but the interactions increase from MOH to POH. As the

alkanol chain length increases, thereby decreasing the concentration of –OH groups in

higher alkanols, it lowers the overall dipole moment, which causes weaker interactions.

These are expected results. We have observed that the strength of interaction increases as

we move from MOH to POH. This is due to the predominance of physical interactions over

chemical interactions between the unlike molecules. In other words, geometrical fitting of

smaller molecules into the voids created by the larger molecules among the molecular

components of liquid mixtures. Similar studies were reported by Kumar et al. [29]. The
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Fig. 1 Variation of the excess molar volume, VE
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strength of interactions in the mixtures follows the order (DMF ? MOH) ? PA\ (DMF ?

EOH) ? PA\ (DMF ? POH) ? PA. The above discussion is also supported by the

observed positive values of Dg and DG*E. Generally, negative values of Dg indicate the

presence of dispersion forces or mutual loss of specific interactions among like molecules in

the systems, due to weak intermolecular interactions, while positive values of the deviation

in viscosity indicate the presence of strong interactions [30, 31]. The sign and magnitude

of Dg depends on the combined effect of factors such as molecular size, shape, and
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intermolecular forces. From the above observations it is clear that, as the temperature

increases, the interaction between unlike molecules decreases.

The partial molar volumes Vm;1 of component 1 (propanoic acid) and Vm;2 of com-

ponent 2 (N,N-dimethyl formamide ? methanol/ethanol/1-propanol) in the mixtures, over

the entire composition range, were calculated by using the following relations [32]:
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Fig. 4 Variation of the deviation in viscosity, Dg, with the mole fraction of PA, x1, of
(DMF ? MOH) ? PA mixtures at T/K = 303.15 (filled circles), 313.15 (filled squares), and 323.15 (filled
triangles)

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

x1

Δη
 (

x 
10

 -3
) 

N
 s

 m
 -2

0 0.2 0.4 0.6 0.8 1

Fig. 5 Variation of the deviation in viscosity, Dg, with the mole fraction of PA, x1, of
(DMF ? MOH) ? PA (filled circles), (DMF ? EOH) ? PA (filled squares), and (DMF ? POH) ? PA
(filled triangles) mixtures at T/K = 313.15

504 J Solution Chem (2013) 42:494–515

123



Vm;1 ¼ VE
m þ V�1 þ x2

oVE
m

ox1

� 	

T ;p

ð6Þ

Vm;2 ¼ VE
m þ V�2 � x1

oVE
m

ox1

� 	

T ;p

ð7Þ

The derivatives
oVE

m

ox1

� �

T ;p
in Eqs. 6 and 7 were obtained by differentiating Eq. 4, which

leads to the following equations for Vm;1 and Vm;2:

Vm;1 ¼ V�1 þ x2
2

Xj

i¼0

Ai x2 � x1ð Þi�2x1x2
2

Xj

i¼1

Ai x2 � x1ð Þi�1 ð8Þ

Vm;2 ¼ V�2 þ x2
1

Xj

i¼0

Ai x2 � x1ð Þi�2x2
1x2

Xj

i¼1

Ai x2 � x1ð Þi�1 ð9Þ

Here j is an integer taking the value of 4; using the above equations, V
E

m;1 and V
E

m;2 have

been evaluated using:

V
E

m;1 ¼ Vm;1 � V�1 ð10Þ

V
E

m;2 ¼ Vm;2 � V�2 ð11Þ

The values of Vm;1 and Vm;2 are reported in Table 6. The variations of excess partial

molar volumes, V
E

m;1 and V
E

m;2, with mole fraction of PA are shown in Figs. 7, 8, 9. From
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Fig. 6 Variation of the excess Gibbs energy of activation of viscous flow, DG*E, with the mole fraction of
PA, x1 of (DMF ? MOH) ? PA (filled circles), (DMF ? EOH) ? PA (filled squares), and (DMF ?
POH) ? PA (filled triangles) mixtures at T/K = 323.15
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the above table, it can be seen that the values of Vm;1 and Vm;2 for both components in the

mixtures are less than their respective molar volumes in the pure state. From Figs. 7, 8 and

9 it is seen that the excess partial molar volumes are almost always negative over the entire

composition range. This suggest that a contraction of volume occurs in the binary mixtures,

indicating the presence of strong interactions between unlike molecules of the mixtures as

observed for VE
m.
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Fig. 7 Variation of the excess partial molar volumes V
E

m;1 (solid lines), V
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m;2 (dashed lines) with the mole

fraction of PA, x1, of (DMF ? MOH) ? PA mixtures at T/K = 303.15 (filled circles), 313.15 (filled
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The partial molar volumes and excess partial molar volumes of the components at

infinite dilution, V
1
m;1; V

1
m;2; V

E;1
m;1 and V

E;1
m;2 , respectively, were obtained by putting x = 0

in Eq. 8 and x = 1 in Eq. 9:

V
E;1
m;1 ¼ A0 þ A1 þ A2 þ A3 þ . . .. . . ¼ V

1
m;1 � V�1 ; ð12Þ

V
E;1
m;2 ¼ A0 � A1 þ A2 � A3 þ . . .. . . ¼ V

1
m;2 � V�2 ; ð13Þ

The pertinent values of V
1
m;1, V

1
m;2, V

E;1
m;1 and V

E;1
m;2 are reported in Table 7. From this table

-0.7

-0.6

-0.5

-0.4

-0.3

-0.2

-0.1

0

0.1

0 0.2 0.4 0.6 0.8 1
x1

(x
 1

0-5
) 

m
3 

m
ol

 -1
V m

,1E

(x
 1

0-5
) 

m
3 

m
ol

 -1
V m

,2E

Fig. 9 Variation of the excess partial molar volumes V
E

m;1 (solid lines), V
E

m;2 (dashed lines) with the mole

fraction of PA, x1, of (DMF ? POH) ? PA mixtures at T/K = 303.15 (filled circles), 313.15 (filled
squares), and 323.15 (filled triangles)

Table 7 Values of V
1
m;1, V�1 , V

E;1
m;1 , V

1
m;2, V�2 , and V

E;1
m;2 for all of the liquid mixtures at T/K = 303.15,

313.15 and 323.15

V
1
m;1

V�1 V
E;1
m;1

V
1
m;2

V�2 V
E;1
m;2

(910-5, m3�mol-1)

(DMF ? MOH) ? PA

T/K = 303.15 7.523 7.543 -0.020 5.399 5.892 -0.494

T/K = 313.15 7.664 7.610 0.053 5.517 5.955 -0.438

T/K = 323.15 8.198 7.706 0.493 5.588 5.986 -0.398

(DMF ? EOH) ? PA

T/K = 303.15 7.473 7.543 -0.070 6.298 6.834 -0.537

T/K = 313.15 7.780 7.610 0.169 6.438 6.875 -0.437

T/K = 323.15 7.841 7.706 0.136 6.501 6.950 -0.449

(DMF ? POH) ? PA

T/K = 303.15 7.269 7.543 -0.274 6.950 7.657 -0.707

T/K = 313.15 7.498 7.610 -0.113 7.250 7.739 -0.489

T/K = 323.15 7.639 7.706 -0.0670 7.442 7.827 -0.385
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it is seen that these values are negative, from which we conclude that strong interactions

exist among the unlike molecules of the mixtures. The magnitude of the excess partial

molar volumes at infinite dilution also follow the order (DMF ? POH) ? PA [ (DMF ?

EOH) ? PA [ (DMF ? MOH) ? PA, which supports the trends of VE
m values observed

in these mixtures.

The dynamic viscosities of the binary liquid mixtures have been calculated using the

following empirical relations. The Grunberg and Nissan [33] model is based on the

Arrhenius equation for the viscosity of liquid mixtures,

lng ¼ x1lng1 þ x2lng2 þ x1x2G12 ð14Þ

where G12 is an interaction parameter that is a function of components 1 and 2 as well as

temperature. Hind and Ubbelohde [34] suggested an equation for the viscosity of binary

liquid mixtures as

g ¼ x2
1g1 þ x2

2g2 þ 2x1x2H12 ð15Þ

where H12 is an interaction parameter that is attributed to unlike pair interactions. Katti and

Chaudari [35] proposed the following equation

lnðgVÞ ¼ x1 ln g1V1ð Þ þ x2 ln g2V2ð Þ þ x1x2Wvis=RT ð16Þ

where Wvis is an interaction term. Heric and Brewer [36] derived the relation

ln g ¼ x1 ln g1 þ x2 ln g2 þ x1 ln M1 þ x2 ln M2 � ln x1M1 þ x2M2ð Þ þ x1x2D12 ð17Þ

where D12 is the interaction term.

In the above equations, g1, g2, M1, and M2 are the viscosities and molar masses of the

pure components of PA and (DMF ? MOH/EOH/POH), respectively. The theoretical

values of viscosity of the liquid mixtures calculated using the above equations are com-

piled in Table 8. Table 9 presents the values of the interaction parameters along with the

standard deviations, r. The adjustable parameters G12, H12, Wvis and D12 represent binary

interactions. The variation of these parameters with composition follows the order

(DMF ? POH) ? PA [ (DMF ? EOH) ? PA [ (DMF ? MOH) ? PA at constant

temperature. Further, the interaction parameter values decrease with an increase in tem-

perature for all of the systems studied. These results are in good agreement with the results

derived from the excess properties. Prolongo et al. [37] reported positive values of inter-

action parameters corresponding to systems with negative excess molar volumes. This is

consistent with our results. Among all of these models, the viscosity representations

obtained from the Katti and Chaudhari model are in best agreement with the experimental

viscosity data.

4 Conclusion

The densities and viscosities of liquid mixtures of propanoic acid with equimolar mixtures

of N,N-dimethyl formamide and methanol/ethanol/1-propanol have been measured over

the entire composition range at T/K = 303.15, 313.15, and 323.15. The parameters

VE
m; Dg; DG�E; Vm;1; Vm;2; V

E

m;1 and V
E

m;2 have been computed from the experimental

results. The values of VE
m are negative whereas Dg and DG*E are positive at all studied

temperatures, indicating the presence of strong interactions such as hydrogen bonding

510 J Solution Chem (2013) 42:494–515
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(O���H–O–) and interactions between the carbonyl group (–C=O) of amide molecules and

the hydroxyl group (–OH) of alcohol groups, and also intermolecular interactions between

the carbonyl group (–C=O) of acid molecules and hydroxyl group (–OH) of alcohols,

dipole–dipole interactions, and geometrical fitting of smaller molecules into the voids

created by the larger. These deviations and excess properties have been fitted with a

Redlich–Kister type polynomial. The strength of interactions follows the order

(DMF ? MOH) ? PA \ (DMF ? EOH) ? PA \ (DMF ? POH) ? PA. The calculated

values of the partial molar volumes have also been examined, indicating the existence of

strong interactions among unlike molecules in the mixtures. The strength of interactions

was also studied using the variation of these properties with temperature. The experimental

viscosity values were compared with the viscosity values obtained from different empirical

relations.
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