
INTRODUCTION 

 Intermolecular interactions have continued 
to capture the interest of chemists because of its 
important role in many chemical and biological 
systems.1Solvent systems are frequently used as 
media for many chemical, industrial and biological 
processes in that they provide a wide range of 
desired properties.2 Properties such as density 
and viscosity at several temperatures both for 
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ABSTRACT

 Experimental data on dynamic viscosities and densities of binary mixtures of N,N-
dimethylformamide (DMF) and o-xylene, m-xylene and p-xylene were measured at 293.15, 303.15, 
313.15, and 323.15 K. Computed data from experiment for deviations in viscosity, excess molar 
volume and excess Gibbs energy of activation of viscous flow were correlated with Redlish-Kister 
polynomial equation. Grundberg-Nissan interaction constant (d'), Hind, Frenkel and a modified 
Kendall-Monroe equation (Eηm) were determined quantitatively. Deviation in viscosity were both 
negative and positive while excess molar volume and excess Gibbs energy of activation of viscous 
flow were all positive. These results have been interpreted on the basis of intermolecular interactions 
between unlike molecules.

Key words: Density, Viscosity, Thermodynamic parameters, 
Binary mixtures, Xylenes, N,N-dimethylformamide. 

pure chemicals and their binary liquid mixtures 
over a whole composition range are useful for a 
full understanding of their thermodynamic and 
chemical engineering purposes.3Experimental data 
and excess thermodynamic properties of liquid 
mixtures are necessary in drawing information on 
the structure and interactions of liquid mixtures.4N,N-
dimethylformamide (DMF) is a polar aprotic solvent 
with a high boiling point,5 a large dipole moment 
and high dielectric constant facilitate reactions that 
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provide a good donor acceptor property.1-7In the 
pure state, N,N-dimethylformamide show association 
through dipole-dipole interaction.7It finds applications 
in polymer science and pharmaceutical Industries 
and serves as a model compound of peptides to 
obtain information on protein systems.6Formamides 
also find application in industrial processes that 
involve their use as synthetic intermediates in the 
preparation of fungicides and polymers such as 
polyacrylonitrile.8

 Xylenes are frequently utilized as raw 
materials in many organic syntheses. High-purity 
xylenes are difficult to separate from common 
distillation operations, as it forms several binary 
azeotropes. N,N-dimethylformamide has been widely 
used as a selective extractant solvent for xylene 
separation from naphtha feed.1

 Measurements of densities, viscosities, 
speeds of sound and other thermodynamic properties 
of binary mixtures of o-, m-, p-xylene and isopropyl 
benzene and 2-butanone,9pyridine,101-decanol,11N,N-
diethylformamide,8 acetic acid,12methylformate13have 
been studied.

 There are apparently no studies in the 
literature of thermodynamic studies of densities, 
viscosities and excess properties of the xylenes with 
N,N-dimethylformamide at the temperatures 293.15, 
303.15, 313.15 and 323.15 K.1,7

 We have studied o-, m-, p-xylene with 
pyridine at 293.15, 303.15, 313.15 and 323.15 K 
to determine inter- and intra-molecular interactions 
that exits in their binary mixtures10In this study, 
Experimental viscosities and densities are reported 
at four temperatures 293.15, 303.15, 313.15 and 
323.15 K for binary mixtures of m-xylene, o-xylene 
and p-xylene with N,N-dimethylformamide. Deviation 
in viscosity (∆η), excess molar volume (VE) and 
excess Gibbs free energy of activation of viscous 
flow (∆G*E) have been calculated from the density 
(ρ), and viscosity (η), data. Modified Kendall-
Monroe10,14,15 equation with no parameters has 
been used in correlating viscosity data of the binary 
mixtures. Calculated deviation in viscosity and 
excess functions were fitted to the Redlich-Kister16 
polynomial equation and the results analyzed in 
terms of molecular interactions.

EXPERIMENTAL

Materials
 Reagent grade m-xylene, o-xylene, p-xylene 
and N,N-dimethylformamide were purchased from 
Sigma-Aldrich South Africa and used without further 
purification. The purity of the liquids was ascertained 
by comparing their measured densities (ρ), and 
viscosities (η), with those reported in the literature.8-17

Mixture preparation
 Binary mixtures were prepared by weighing 
appropriate amounts of N,N-dimethylformamide 
and xylene on an electronic balance. An AE Adam 
balance (Adam Equipment Inc. USA) model PW124 
with a maximum capacity of 120 g, a readability 
range 0.0001 g and repeatability (S.D.) of 0.00015 
g, linearity 0.0002 g, operating temperature +10oC 
to 40oC was used in all measurements. 
 
Density measurement
 Density measurements were carried out 
with an Anton Paar DMA-4500 M digital densitometer 
thermostatted at different temperatures. Two 
integrated Pt 100 platinum thermometers were 
provided for good precision in temperature control 
internally (T ± 0.01 K). The densitometer protocol 
includes an automatic correction for the viscosity 
of the sample. The calibration for temperature and 
pressure was made by the producer. The apparatus is 
precise to within 1.0x10-5 g/cm3, and the uncertainty 
of the measurements was estimated to be better than 
± 1.0x10-4 g/cm3. Calibration of the densitometer was 
performed at atmospheric pressure using doubly 
distilled and degassed water. 
 
Viscosity measurement
 Viscosity measurements were carried out 
using Anton Paar SVM 3000 Stabinger Viscometer. 
The viscometer has a dynamic viscosity range of 0.2 
to 20 000 mPa.s, a kinematic viscosity range of 0.2 
to 20 000 mm2/s and a density range of 0.65 to 3 g/
cm3. The instrument is equipped with a maximum 
temperature range of +105oC and a minimum of 20oC 
below ambient. Instrument viscosity reproducibility is 
0.35% of measured value and density reproducibility 
of 0.0005g/cm3. 
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RESULTS AND DISCUSSION

 Table 1 presents a compar ison of 
experimental densities and viscosities of all liquids 
at T = 293.15, 303.15, 313.15 and 323.15) K used 
in this work as well as accepted literature values. 

 Experimental density (ρ), dynamic viscosity 
(η), at temperatures of (293.15, 303.15, 313.15 and 
323.15 K) are presented in table 2. The table also lists 
deviation in viscosity, (∆η), excess molar volume, VE 
and excess Gibbs free energy of activation of viscous 
flow ∆G*E, for (m-xylene + N,N-dimethylformamide), 
(o-xylene + N,N-dimethylformamide), and (p-xylene 
+ N,N-dimethylformamide) as a function of mole 
fraction. 

 To investigate the molecular interaction 
between N,N-dimethylformamide and m-xylene, 
o-xylene and p-xylene, viscosity deviation, ∆h, 
excess molar volumes VE and excess Gibbs free 
energy of activation of viscous flow, ∆G*E, have been 
evaluated from experimental density and viscosity 
using the equations 1 and 2 respectively. 

 ...(1)

 ...(2)
 Wherex1 and x2 are the mole fractions 
calculated from mass fractions. M1 and M2 are 
molar masses, ρ1 and ρ2 are densities, η1 and η2 are 
viscosities of pure components 1 and 2 respectively. 
ρm and ηm are the density and viscosity of the mixture. 
The excess Gibbs free energy of activation of viscous 
flow were obtained from equation 3. 

 ...(3)
 whereR is the universal constant of gases, 
T is the absolute temperature, V1 and V2 are the 
molar volumes of component 1 and 2, x1 and x2 
represents the mole fraction of component 1 and 
2. Vm is obtained from equation 4. η1, η2 and hm are 
the viscosity of component 1 and 2 and mixture 
respectively. 

 ...(4)

 The values of VE, ∆η and ∆G*E were 
correlated by a Redlich-Kister16 type polynomial, 
equation 5. 

 ...(5)
 The values of the parameters Ak, are 
obtained by fitting the equation to the experimental 
values with the least-squares method. The correlated 
results for excess molar volume, viscosity deviation 
and excess Gibbs free energy of activation of viscous 
flow are presented in Table 3. The standard deviation 
s(∆Y) is calculated from equation 6. 

 ...(6)

 where ∆Y is the excess volume, VE, 
deviation in viscosity ∆η, and excess Gibbs free 
energy of activation of viscous flow, ∆G*E. The 
subscript expt and calc represents the experimental 
and calculated values respectively. N and n are the 
number of experimental data points and the number 
of coefficients in the Redlich-Kister polynomial 
equation. 

 Kendall and Monroe14 derived equation 7 
for analyzing the viscosity of binary mixtures based 
on zero adjustable parameter. 

 ...7)

 ...(8)

 where Eηm is a modified Kendall-Monroe10,15 
equation, 8. 

 The predictive ability of some selected 
viscosity models such as the one parameter model 
of Frenkel20 equation 9 and Hind21 equation 10, apply 
to the studied binary mixtures. 

 ...(9)
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Table 2: Experimental values of density ρ (g/cm3), viscosity η(mPa.s), deviation in 
viscosity ∆η(mPa.s), excess molar volumes VE(cm3/mol), molar volume of mixture 
Vm(cm3/mol), excess Gibbs free energy of activation of viscous flow ∆G*E(J/mol), 

Grunberg-Nissan parameter (d¹) and modified Kendall and Monroe viscosity correlation Eηm 
(mPa.s) with xylene (x1) and N,N-dimethylformamide (x2) at 293.15, 303.15, 313.15 and 323.15 K

293.15K
o-Xylene  ρ η ∆h VE Vm ∆G*E d’ Eηm 
x1 (g/cm3) (mPa.s) (mPa.s) (cm3/mol) (cm3/mol) (J/mol)  (mPa.s)

0.0000 0.9478 0.8370 0.0000 0.0000 77.1154 0.000 0.0000 0.0000
0.1003 0.9404 0.8459 0.0166 -0.4046 81.3571 2.929 0.2239 0.0748
0.1970 0.9322 0.8510 0.0291 -0.6332 85.6080 4.519 0.2244 0.1300
0.2951 0.9237 0.8497 0.0353 -0.7704 90.0152 5.536 0.2086 0.1693
0.3935 0.9160 0.8465 0.0397 -0.9110 94.4328 6.126 0.2055 0.1924
0.5010 0.9092 0.8390 0.0404 -1.1551 99.1686 6.314 0.2019 0.1995
0.5879 0.9026 0.8279 0.0359 -1.1744 103.1749 6.133 0.1878 0.1917
0.6875 0.8973 0.8171 0.0328 -1.3959 107.5671 5.590 0.1951 0.1684
0.7872 0.8906 0.8000 0.0233 -1.3900 112.1915 4.594 0.1811 0.1300
0.8994 0.8863 0.7841 0.0160 -1.7290 117.0502 2.840 0.2325 0.0695
1.0000 0.8682 0.7604 0.0000 0.0000 123.4393 0.000 0.0000 0.0000

303.15K
0.0000 0.9382 0.7470 0.0000 0.0000 77.9045 0.000 0.0000 0.0000
0.1003 0.9309 0.7527 0.0132 -0.2430 82.1874 2.923 0.2013 0.0667
0.197 0.9228 0.7514 0.0191 -0.3139 86.4800 4.467 0.1683 0.1158
0.2951 0.9145 0.7488 0.0238 -0.2998 90.9207 5.485 0.1604 0.1507
0.3935 0.9068 0.7439 0.0263 -0.2698 95.3909 6.071 0.1560 0.1711
0.501 0.9001 0.7361 0.0264 -0.3404 100.1712 6.265 0.1519 0.1773
0.5879 0.8936 0.7281 0.0249 -0.2188 104.2140 6.120 0.1492 0.1702
0.6875 0.8884 0.7170 0.0212 -0.2824 108.6448 5.577 0.1454 0.1494
0.7872 0.8819 0.7033 0.0150 -0.1277 113.2983 4.614 0.1340 0.1152
0.8994 0.8777 0.6929 0.0129 -0.2918 118.1971 2.923 0.2133 0.0615
1.0000 0.8711 0.6725 0.0000 0.0000 123.0284 0.000 0.0000 0.0000

313.15 K
0.0000 0.9286 0.6652 0.0000 0.0000 78.7099 0.000 0.0000 0.0000
0.1003 0.9214 0.6709 0.0133 -0.2419 83.0348 2.945 0.2297 0.0593
0.197 0.9133 0.6672 0.0170 -0.2999 87.3796 4.470 0.1702 0.1028
0.2951 0.9052 0.6627 0.0200 -0.2912 91.8549 5.475 0.1543 0.1336
0.3935 0.8976 0.6566 0.0213 -0.2576 96.3686 6.051 0.1453 0.1514
0.501 0.891 0.6485 0.0214 -0.3266 101.1943 6.245 0.1416 0.1566
0.5879 0.8846 0.6390 0.0185 -0.2031 105.2743 6.080 0.1287 0.1502
0.6875 0.8795 0.6306 0.0176 -0.2681 109.7442 5.567 0.1395 0.1316
0.7872 0.8732 0.6168 0.0114 -0.1246 114.4271 4.593 0.1194 0.1013
0.8994 0.869 0.6067 0.0100 -0.2799 119.3804 2.908 0.1915 0.0540
1.0000 0.8626 0.5892 0.0000 0.0000 124.2407 0.000 0.0000 0.0000

323.15 K
0.0000 0.9189 0.5901 0.0000 0.0000 79.5408 0.000 0.0000 0.0000
0.1003 0.9118 0.5960 0.0078 -0.2392 83.9090 2.882 0.2563 0.0526
0.197 0.9039 0.5910 0.0045 -0.3020 88.2883 4.311 0.1725 0.0910
0.2951 0.8959 0.5854 0.0007 -0.2882 92.8084 5.219 0.1474 0.1182
0.3935 0.8884 0.5785 -0.0044 -0.2501 97.3666 5.701 0.1328 0.1339
0.501 0.8819 0.5708 -0.0101 -0.3164 102.2384 5.806 0.1291 0.1383
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0.5879 0.8716 0.5874 0.0081 0.2977 106.8445 5.975 0.2988 0.1325
0.6875 0.8706 0.5534 -0.0241 -0.2559 110.8661 4.965 0.1200 0.1159
0.7872 0.8643 0.5412 -0.0345 -0.0964 115.6054 3.916 0.0986 0.0892
0.8994 0.8603 0.5332 -0.0405 -0.2683 120.5876 2.157 0.1795 0.0475
1.0000 0.8541 0.51771 -0.0541 0.0000 125.4771 -0.826 0.0000 0.0000

293.15 K
0.0000 0.9461 0.8357 0.0000 0.0000 77.2329 0.0000 0.0000 0.0000
0.0894 0.938 0.7818 -0.0286 -0.2727 81.1498 2.3162 -0.3639 0.0657
0.1962 0.9317 0.8246 0.0445 -0.8202 85.6074 4.7632 0.4307 0.1220
0.2943 0.9182 0.7826 0.0303 -0.5156 90.5093 5.6645 0.2711 0.1545
0.3922 0.9116 0.7974 0.0729 -0.7862 94.8267 6.6890 0.4849 0.1705
0.4904 0.9006 0.7228 0.0261 -0.5118 99.7031 6.4337 0.2323 0.1717
0.5885 0.886 0.6687 -0.0002 0.3094 105.1217 6.0486 0.0864 0.1597
0.687 0.8805 0.6406 -0.0003 0.1647 109.5931 5.5241 0.0874 0.1360
0.7785 0.8732 0.6122 -0.0028 0.3661 114.0825 4.6647 0.0659 0.1049
0.8818 0.8711 0.5855 -0.0002 -0.1562 118.4013 3.1757 0.0919 0.0606
1.0000 0.8636 0.5522 0.0000 0.0000 124.0968 0.0000 0.0000 0.0000

303.15 K
0.0000 0.9365 0.7676 0.0000 0.0000 78.0246 -0.0005 0.0000 0.0000
0.0894 0.9284 0.6903 -0.0534 -0.2674 81.9889 1.9985 -0.8345 0.0603
0.1962 0.9223 0.7180 0.0027 -0.8318 86.4799 4.3388 0.1073 0.1119
0.2943 0.9089 0.6915 0.0024 -0.5199 91.4354 5.3725 0.1020 0.1415
0.3922 0.9023 0.6984 0.0354 -0.7853 95.8041 6.3346 0.3057 0.1559
0.4904 0.8914 0.6400 0.0032 -0.5056 100.7322 6.1806 0.1101 0.1568
0.5885 0.8769 0.5961 -0.0145 0.3313 106.2126 5.8628 -0.0066 0.1457
0.687 0.8715 0.5718 -0.0125 0.1810 110.7248 5.3591 -0.0055 0.1239
0.7785 0.8643 0.5482 -0.0118 0.3823 115.2573 4.5354 -0.0249 0.0955
0.8818 0.8624 0.5284 -0.0040 -0.1689 119.5958 3.1202 0.0287 0.0551
1.0000 0.8549 0.5009 0.0000 0.0000 125.3597 0.0000 0.0000 0.0000

313.15 K
0.0000 0.8269 0.6823 0.0000 0.0000 88.3662 0.0000 0.0000 0.0000
0.0894 0.9189 0.6097 -0.0515 -8.9520 82.8366 1.0791 -0.9158 0.0536
0.1962 0.9128 0.6250 -0.0110 -8.4972 87.3800 3.3985 -0.0284 0.0995
0.2943 0.8995 0.6128 0.0000 -7.2418 92.3909 4.6730 0.0842 0.1258
0.3922 0.893 0.6118 0.0221 -6.5787 96.8018 5.6304 0.2411 0.1387
0.4904 0.8822 0.5667 0.0002 -5.3572 101.7826 5.6568 0.0904 0.1395
0.5885 0.8678 0.5274 -0.0160 -3.5690 107.3264 5.4234 -0.0316 0.1297
0.687 0.8625 0.5062 -0.0139 -2.7859 111.8802 5.0157 -0.0319 0.1103
0.7785 0.8554 0.4849 -0.0137 -1.7126 116.4565 4.2700 -0.0640 0.0850
0.8818 0.8535 0.4689 -0.0053 -1.2807 120.8429 2.9783 -0.0068 0.0491
1.0000 0.8462 0.4463 0.0000 0.0000 126.6485 0.0000 0.0000 0.0000

323.15 K
0.0000 0.9172 0.6057 0.0000 0.0000 79.6664 -0.0003 0.0000 0.0000
0.0894 0.9093 0.5380 -0.0488 -0.2621 83.7111 1.8975 -0.9847 0.0476
0.1962 0.9032 0.5598 -0.0044 -0.8097 88.3087 4.2462 0.0345 0.0882
0.2943 0.8901 0.5419 -0.0015 -0.4779 93.3666 5.3261 0.0730 0.1116
0.3922 0.8836 0.5355 0.0128 -0.7293 97.8316 6.1104 0.1901 0.1229
0.4904 0.873 0.4998 -0.0021 -0.4365 102.8553 6.1117 0.0745 0.1236
0.5885 0.8587 0.4650 -0.0162 0.4460 108.4638 5.7880 -0.0473 0.1148
0.687 0.8534 0.4467 -0.0137 0.3102 113.0732 5.2994 -0.0435 0.0976
0.7785 0.8464 0.4275 -0.0134 0.5236 117.6948 4.4651 -0.0800 0.0752
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0.8818 0.8447 0.4142 -0.0049 -0.0459 122.1018 3.0951 -0.0097 0.0434
1.0000 0.8383 0.3941 0.0000 0.0000 127.8421 -0.0002 0.0000 0.0000

293.15 K
0.0000 0.9478 0.8370 0.0000 0.0000 77.0943 0.0000 0.0000 0.0000
0.0896 0.9455 0.9666 0.1530 -0.8325 80.5133 3.9870 0.1908 0.0661
0.1961 0.9338 0.9375 0.1517 -0.9879 85.4112 5.7378 0.2777 0.1231
0.2942 0.9181 0.7689 0.0088 -0.5385 90.5154 5.4089 -0.4828 0.1564
0.3923 0.9116 0.8533 0.1188 -0.8783 94.8304 7.1070 0.2435 0.1732
0.4904 0.9017 0.8315 0.1227 -0.7821 99.5815 7.4054 0.3456 0.1751
0.5885 0.8856 0.6851 0.0019 0.1508 105.1692 6.0339 -0.2194 0.1635
0.6866 0.8788 0.7203 0.0628 0.1164 109.7896 6.2598 0.2377 0.1400
0.7847 0.8715 0.6254 -0.0065 0.2197 114.5476 4.5132 -0.2128 0.1058
0.8828 0.8642 0.6073 0.0010 0.4033 119.3861 3.1999 -0.1082 0.0624
1.0000 0.8605 0.5756 0.0000 0.0000 124.5439 0.0000 0.0000 0.0000

303.15 K
0.0000 0.9382 0.7470 0.0000 0.0000 77.8832 0.0001 0.0000 0.0000
0.0896 0.9361 0.8311 0.1044 -0.7538 81.3218 3.6728 -1.5502 0.0591
0.1961 0.9243 0.8047 0.1021 -0.7698 86.2891 5.4079 -0.5659 0.1101
0.2942 0.9087 0.6743 -0.0060 -0.1974 91.4518 5.2546 -0.9724 0.1401
0.3923 0.9023 0.7412 0.0831 -0.4315 95.8079 6.8702 -0.1814 0.1553
0.4904 0.8924 0.7189 0.0831 -0.2103 100.6193 7.1287 -0.0383 0.1572
0.5885 0.8765 0.6082 -0.0054 0.8414 106.2611 5.9729 -0.4659 0.1470
0.6866 0.8698 0.6307 0.0394 0.9156 110.9256 6.0819 -0.0571 0.1260
0.7847 0.8626 0.5569 -0.0122 1.1294 115.7295 4.4712 -0.4307 0.0954
0.8828 0.8553 0.5429 -0.0040 1.4381 120.6284 3.1889 -0.3295 0.0563
1.0000 0.8596 0.5203 0.0000 0.0000 124.6743 0.0005 0.0000 0.0000

313.15 K
0.0000 0.9286 0.6652 0.0000 0.0000 78.6884 0.0005 0.0000 0.0000
0.0896 0.9265 0.7202 0.0735 -0.8642 82.1645 3.4465 -3.1684 0.0526
0.1961 0.9148 0.6949 0.0701 -1.0024 87.1852 5.1533 -1.3404 0.0979
0.2942 0.8993 0.5910 -0.0136 -0.5320 92.4077 5.1232 -1.4302 0.1244
0.3923 0.8929 0.6478 0.0634 -0.8753 96.8165 6.7160 -0.5404 0.1379
0.4904 0.8831 0.6246 0.0604 -0.7649 101.6789 6.9234 -0.3563 0.1394
0.5885 0.8674 0.5365 -0.0075 0.1800 107.3759 5.8942 -0.6802 0.1303
0.6866 0.8608 0.5486 0.0248 0.1374 112.0853 5.8859 -0.3068 0.1115
0.7847 0.8536 0.4910 -0.0126 0.2497 116.9497 4.3880 -0.5961 0.0844
0.8828 0.8464 0.4777 -0.0056 0.4448 121.8968 3.0899 -0.4990 0.0497
1.0000 0.843 0.4592 0.0000 0.0000 127.1293 0.0000 0.0000 0.0000

323.15 K
0.0000 0.9189 0.5901 0.0000 0.0000 79.5190 -0.0001 0.0000 0.0000
0.0896 0.9617 0.6240 0.0505 -4.7471 79.1579 2.8573 -4.7885 0.0466
0.1961 0.9052 0.5986 0.0448 -1.0085 88.1098 4.9196 -2.1299 0.0867
0.2942 0.8899 0.5502 0.0147 -0.5367 93.3838 5.5413 -1.5952 0.1102
0.3923 0.8834 0.5648 0.0474 -0.8650 97.8576 6.5951 -0.9076 0.1220
0.4904 0.8737 0.5425 0.0434 -0.7519 102.7729 6.7778 -0.6715 0.1233
0.5885 0.8582 0.4719 -0.0091 0.2001 108.5270 5.8583 -0.9024 0.1151
0.6866 0.8517 0.4737 0.0109 0.1539 113.2829 5.7004 -0.5855 0.0985
0.7847 0.8446 0.4317 -0.0129 0.2648 118.1959 4.3591 -0.7699 0.0745
0.8828 0.8374 0.4100 -0.0164 0.4736 123.2069 2.8658 -0.8971 0.0439
1.0000 0.8342 0.4046 0.0000 0.0000 128.4704 0.0000 0.0000 0.0000
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Table 3: Adjustable parameters Ai, with standard deviations (∆Y), for deviation in viscosity (∆η), 
Excess volume (VE), and Excess Gibbs free energy (∆G*E), for binary mixtures at various temperatures

Parameter/Function T/K Ao A1 A2 A3 A4 s

∆h (mPa.s) o-Xylene (1) +N,N-dimethylformamide(2)
 293.15 0.0026 -0.003 3.0x10-18   0.09
 303.15 0.0176 -0.0021 1.0x10-16   0.05
 313.15 0.0155 -0.0036 1.0x10-16   0.04
 323.15 0.0148 -0.0057 1.0x10-16   0.06
VE(cm3/mol) 293.15 0.4639 -0.8186    3.90
 303.15 -0.2378 0.0418 2.00x10-15   0.68
 313.15 -0.2303 0.044 -4.0x10-15   0.65
 323.15 -0.2053 0.099 -2.0x10-15   0.43
∆G*E (kJ/mol) 293.15 4.0857 -0.0665    12.56
 303.15 4.042 -0.003 3.0x10-14   13.34
 313.15 4.0425 -0.0246 6.0x10-14   13.29
 323.15 4.0612 -0.8382    10.65
m-Xylene (1) + N,N-dimethylformamide (2)
∆η (mPa.s) 293.15 0.02 -0.0146 9.00x10-16 -1.00x10-15  0.032
 303.15 0.0083 0.0073 7.00x10-15 -4.00x10-15  0.021
 313.15 -0.0133 0.0106 -1.00x10-15 9.00x10-16  0.019
 323.15 -0.0129 0.009 2.00x10-15 1.00x10-15  0.021
VE (cm3/mol) 293.15 -0.4914 0.5896 -4.00x10-14 2.00x10-14  0.16
 303.15 -0.4911 0.5961 -6.00x10-14 3.00x10-14  0.14
 313.15 -7.0323 5.8139 -5.00x10-13 3.00x10-13  9.26
 323.15 -0.4740 0.6914 -6.00x10-14 3.00x10-14  0.18
∆G*E (kJ/mol) 293.15 4.0471 0.1411 5.00x10-13 -5.00x10-13  14.65
 303.15 3.742 0.3593 5.00x10-13 -7.00x10-13  14.16
 313.15 3.0122 0.9246 -2.00x10-13   12.25
 323.15 3.650 0.4054 -5.00x10-13   13.06
p-Xylene (1) + N,N-dimethylformamide (2)
∆η (mPa.s) 293.15 0.1052 -0.1005 -4.00x10-15   0.096
 303.15 0.0699 -0.0712 -4.00x10-15 4.00x10-15  0.056
 313.15 0.0482 -0.0513 -9.00x10-16 9.00x10-16  0.033
 323.15 0.0385 -0.0462 -5.00x10-15 3.00x10-15  0.012
VE (cm3/mol) 293.15 -0.7738 0.9959 9.00x10-14 -5.00x10-14  0.067
 303.15 -0.6223 1.6294 2.00x10-13 -1.00x10-13  2.16
 313.15 -0.7860 1.0396 5.00x10-14 -4.00x10-14  0.007
 323.15 -1.8478 2.4993 2.00x10-13 -1.00x10-13  0.165
∆G*E (kJ/mol) 293.15 4.8265 -0.6362 -9.00x10-13 5.00x10-13  15.33
 303.15 4.5807 -0.4326 2.00x10-11 -1.00x10-11  15.01
 313.15 4.4064 -0.3423 5.00x10-13 -2.00x10-13  14.63
 323.15 4.2570 -0.2502 -2.00x10-13   13.42

     ...(10)

 where η12 is a constant attributed to unlike 
pair interactions. Its value is obtained from equation 

11. 

 ...(11)

 Grunberg and Nissan22 formulated equation 
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Table 4: Fitting parameters with Average Percentage Deviations 
(APD) for binary mixtures at various temperatures

Temperature    Frenkel   Hind

K η12 APD η12 APD

o-Xylene (1) + N,N-dimethylformamide (2)
293.15 0.7987 11.58 0.7987 0.27
303.15 0.7098 13.39 0.7098 0.21
313.15 0.6272 15.71 0.6272 0.19
323.15 0.5539 18.57 0.5539 0.22
m-Xylene (1) + N,N-dimethylformamide (2)
293.15 0.6940 13.91 0.6940 0.17
303.15 0.6343 15.81 0.6343 -0.07
313.15 0.5643 18.60 0.5643 -0.13
323.15 0.4999 22.09 0.4999 -0.16
p-Xylene (1) + N,N-dimethylformamide (2)
293.15 0.7063 13.33 0.7063 0.66
303.15 0.6337 15.39 0.6337 0.47
313.15 0.5622 18.15 0.5622 0.36
323.15 0.4974 21.59 0.4974 0.29

12 to determine the molecular interactions leading 
to viscosity changes with one parameter to estimate 
the dynamic viscosity of binary liquid mixtures. 

...(12)

 where d¹ is an interaction parameter which 
is a function of the composition and temperature of 
binary liquid mixture. 

 The correlating ability of equations 
8, 9, 10 and 12 were tested by calculating the 
average percentage deviations (APD) between the 
experimental and the calculated viscosity as shown 
in equation 14. 

 ...(13)
 where ηexpt and ηcalc represent the viscosity 
of experimental and calculated data, N is the number 
of experimental data points. 

 Deviations in viscosity (∆η) for the binary 
system N,N-dimethylformamide (DMF) and o-xylene, 

m-xylene and p-xylene at 293.15, 303.15, 313.15 
and 323.15 K, plotted against mole fraction with 
the curve calculated from Redlich-Kister equation 
are presented in figure 1(a-c). Viscosity deviations 
for N,N-dimethylformamide (DMF) with o-xylene 
and p-xylene are positive while that of N,N-
dimethylformamide (DMF) and m-xylene were 
found to be both positive and negative. Deviation in 
viscosity are related to molecular interactions such 
as hydrogen bonding, charge transfer interactions 
and physical interactions of dispersion forces or 
weak dipole-dipole interactions between compounds 
in a mixture.23 The reason why a positive VE and 
a negative ∆η may result in a binary system is 
because of a disruption in associated molecules 
while a negative VE and positive ∆η is caused by 
an association or compound formation between 
components.24 In a system where positive values 
of Dh are observed, specific interactions cause 
complex formation. When negative values of ∆η 
are observed, dispersion forces are therefore 
dominant.23 In our system, positive deviations 
in Dh show a complex formation between N,N-
dimethylformamideand o-xylene, m-xylene and 
p-xylene while negative deviations in ∆η, have 
resulted as a consequence of disruption in hydrogen 
bonding and increase in temperature as observed 
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Fig. 1: Plots of deviation in viscosity (∆η) against mole fraction for the system (a) o-xylene (1) + 
N,N-dimethylformamide(2); (b) m-xylene (1) + N,N-dimethylformamide(2); (c) p-xylene (1) + N,N-
dimethylformamide(2) at different temperatures: ®, 293.15 K; ¢, 303.15 K;p, 313.15 K; x, 323.15 K. 
The solid line represents the corresponding correlation by the Redlich-Kister equation
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Fig. 2: Plots of Excess molar volume (VE) against mole fraction for the system(a) o-xylene (1) + 
N,N-dimethylformamide(2); (b) m-xylene (1) + N,N-dimethylformamide (2); (c) p-xylene (1) + N,N-
dimethylformamide (2) at different temperatures:®, 293.15 K;  ¢, 303.15 K; p, 313.15 K; x, 323.15 

K. The solid line represents the corresponding correlation by the Redlich-Kister equation
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Fig. 3: Plots of Excess Gibbs free energy of activation of viscous flow (∆G*E) against mole 
fraction for the system(a) o-xylene (1) + N,N-dimethylformamide(2); (b) m-xylene (1) + N,N-

dimethylformamide (2); (c) p-xylene (1) + N,N-dimethylformamide (2) at different temperatures: 
®, 293.15 K;  ¢, 303.15 K; p, 313.15 K; x, 323.15 K. The solid line represents the corresponding 

correlation by the Redlich-Kister equation



965DIKIO, Orient. J. Chem.,  Vol. 30(3), 953-967 (2014)

Fig. 4: Plots of modified Kendall and Monroe viscosity correlation Ehm (mPa.s) against mole 
fraction for the system(a) o-xylene (1) + N,N-dimethylformamide(2); (b) m-xylene (1) + N,N-

dimethylformamide (2); (c) p-xylene (1) + N,N-dimethylformamide (2) at different 
temperatures: ®, 293.15 K;  ¢, 303.15 K;p, 313.15 K; x, 323.15 K



966 DIKIO, Orient. J. Chem.,  Vol. 30(3), 953-967 (2014)

by other researchers.24N,N-dimethylformamide has 
a lone pair of electron on the oxygen atom making 
it an electron donor while the xylenes on the other 
hand are electron acceptors. It is therefore possible 
for hydrogen bonding interactions between N,N-
dimethylformamide and the xylenes to occur resulting 
in complex formation.8

 The plots of excess molar volume (VE) 
against mole fraction at 293.15, 303.15, 313.15 
and 323.15 K for N,N-dimethylformamide (DMF) 
and o-xylene, m-xylene and p-xylene calculated 
from Redlich-Kister equation are presented in 
figure 2 (a-c). Excess parameters associated with 
a liquid mixture are a quantitative measure of 
deviation in the behavior of the liquid mixture from 
ideality.10These functions are found to be sensitive 
towards the intermolecular forces and also on the 
difference in size and shape of the molecules. 
Excess volumes of liquid mixtures reflect the result 
of different contributions arising from structural 
changes undergone by the pure cosolvent. Positive 
contributions arise from breakup interactions between 
molecules namely, the rupture of hydrogen bonded 
chains and the loosening of dipole interactions.25 
Excess molar volume were found to be both positive 
and negative for the binary system between N,N-
dimethylformamide and o-xylene, figure 2(a). The 
binary system of N,N-dimethylformamide with 
m-xylene and p-xylene, figures 2(b-c), excess molar 
volumes are negative. For the binary systems, N,N-
dimethylformamide with m-xylene and p-xylene, that 
form a negative deviation, the curves are not shifted 
in a regular manner with increase in temperature. For 
the binary system of N,N-dimethylformamide and 
o-xylene, positive deviation is observed at 293.15 
K only. At the other temperatures, deviations are 
negative. Mixing N,N-dimethylformamide (DMF) with 
o-xylene, m-xylene and p-xylene may have resulted 
in complex formation leading to a volume contraction. 

 Excess Gibbs free energy of activation 
of viscous flow (∆G*E) against mole fraction at 
293.15, 303.15, 313.15 and 323.15 K for N,N-
dimethylformamide (DMF) and o-xylene, m-xylene 
and p-xylene calculated from Redlich-Kister equation 
are presented in figure 3(a-c). Excess properties 
provide information about the molecular interactions 
and macroscopic behavior of fluid mixtures which 
can be used to test and improve thermodynamic 

models for calculating and predicting fluid phase 
equilibria.10 The magnitude of ∆G*E represents the 
strength of interaction between unlike molecules.26 
Excess Gibbs free energy of activation of viscous 
flow are positive at all experimental temperatures. 

 A  c o m p a r i s o n  o f  ex p e r i m e n t a l 
thermodynamic data of multicomponent mixtures 
with that calculated by means of various predictive 
methods is very useful from different points of view: 
(i) it suggests which model is more appropriate to 
the characteristics of the system, (ii) it may indicate 
which parameters should be improved when the 
model involves group contributions and (iii) it 
may allow the identification of some model as a 
convenient reference for the interpretation of the 
deviations observed.10,27 The viscosity data have 
been correlated with semi-empirical equations of 
modified Kendall and Monroe, Frenkel, Hind, and 
Grunberg-Nissan. The values of the Grunberg and 
Nissan constant (d¹) and modified Kendall-Monroe 
(Ehm) for all systems under study are presented in 
table 2. Grunberg-Nissan interaction parameters 
are both positive and negative while the modified 
Kendall-Monroe viscosity correlation data are all 
positive. Plots for the modified Kendall-Monroe 
viscosity correlation are presented in Figure 4(a-
c). Plots of modified Kendall-Monroe viscosity 
correlation at different temperatures show a decrease 
in viscosity with increase in temperature. The value of 
Frenkel and Hind are presented in Table 4. Positive 
and negative Grunberg-Nissan parameters indicate 
the presence of both strong and weak interactions 
between unlike molecules.28

CONCLUSION

 Density and viscosity for the binary 
mixtures of N,N-dimethylformamide with o-xylene, 
m-xylene and p-xylene are presented as a function 
of mixture composition at 293.15, 303.15, 313.15, 
and 323.15 K. These results have been employed 
to calculate deviations in viscosity, excess molar 
volume and excess Gibbs free energy of activation 
of viscous flow. The study has shown that there are 
intermolecular interactions between the components 
of the systemN,N-dimethylformamide (DMF) 
with o-xylene, m-xylene and p-xylene, leading 
to hydrogen bonds and complex formation. A 
comparison of experimental thermodynamic data 
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with calculated data by means of various predictive 
methods are presented resulting in positive and 
negative correlations. 
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