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Densities, p, viscosities, q, speeds of sound, u, and refractive indices, n0 , were 
measured for the binary systems of cyclohexylamine with 1-butanol, 2-butanol, 
isobutanol and t-butanol at 298.15 K over ihe entire composition range. From the 
experimental results, the excess volume, vE, the deviations in relative viscosity, 
ll.JJ, and synergic index (/,)_ are derived by the equation devi::loped by Katelunc
Gencer, Peleg and Howell, respectively. Isentropic compressibility, k~, and 
refractive indices, An0 , were a1so calculated. The above functions show 
deviations from the additivity law, which depend on the nature of the carbon 
chain of the alcohols. · 

Keywords: density; viscosity; speed of sound; refractive index; cyclohexylamine; 
butanol 

1. Iutroductiou 

Many engineering problems require quantitative data on the viscosity and density ofliquid 
mixtures. The thennodynamic and transport properties of liquid and liquid mixtures 
·(Marsh, 1985; Marsh and Burfitt, 1975; Kim and Marsh, 1988; Sun et a!., 1992; 

25 Aminabhavi and Gopalkrishna, 1995; Pandey et a!., 1993) have been used to understand 
the molecular interactions between the components of the mixture and also for engineering 
applications concerning heat transfer, mass transfer and fluid flow. During the last few 
years, the thennodynamic properties of binary mixtures of alcohols with different solvents 
have been studied extensively [1-4]. Binary systems of cyclohexylamine with alcohols are 

30 interesting from the viewpoint of the type of interaction between the components of the 
mixture. The mixtures included cyclohexylamine as a common component and four 
isoalcohols as noncommon components. The four isoalcohols were !-butanol, 2-butanol, 
isobutanol and /-butanol. The tendency of cyclohexylamine to fonn hydrogen bonds with 
alcohols via the participation of the amine group, i.e. -NH2 functionality and oxygen of 

35 the -OH functionality have attracted the attention of many experimental investigations on 
amine+ alcohol binary mixtures dealing with the measurements especially of the excess 
properties. These studies show that the properties vary with the lengthening of the carbon 
chain length and branching of alcohols for amine+ alcohols mixtures. Cyclohexylamine 
is a strong base which is completely miscible with water and common organic solvents. 
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40 The compound is widely employed in the industrial processing of pharmaceuticals, 
plastics, paper, rubber, insecticides, textiles, dyestuff, petroleum and some synthetic 
sweeteners. Butanol is used as a solvent for a wide variety of chemical and textile 
processes, in organic synthesis and as a chemical intermediate. It is also used as a paint 
thinner and a solvent in other coating applications where it is used as a relatively slow 

45 evaporating latent solvent in lacquers and ambient-cured enamels. 2-Butanol occurs 
naturally as a product of fermentation of carbohydrates. It is also used for the production 
of fruit essences, as a flavouring in food and as a solvent. Isobutanol is used as insecticides 
for agric, garden and health service use, miscellaneous paint-related products, other art 
materials inclay, water and tempera colours, finger paint and other automotive chemicals. 

50 Being relatively hydrophobic cosolvents, /-butanol is an attractive compound in the study 
of hydration phenomena and may serve as models for more complicated aqueous systems 
like surfactants, emulsions, biopolymers and petroleum streams. Other uses of these 
compounds are as surfactants, additives in detergents and agricultural products [5]. In the 
hope of obtaining an overall picture of these binary solutions we have studied the whole 

55 composition range. The most important .use of this kind of compound is for removal 
of sour gases from natural gas, and as an extension of the work we have measured 
the densities and viscosities for the same isomers over the entire range of composition 
at 298.15K. 

Thermodynamic and transport properties of binary liquid mixtures containing pro tic, 
60 aprotic and associated liquids have been studied. The calculated excess quantities from 

such data have been interpreted in terms of the differences in the size of molecules and the 
strength of specific and non-specific interactions taking place between components of the 
mixtures. Alkanols exist in associated form. When alkanols are mixed with cyclohex
ylarnine, mixing properties with varying intermolecular interactions may be generated. 

65 To investigate this effect, in the present investigation, the density (p), the viscosity (q), 
speed of sound (u) and refractive index (nn), of the binary mixtures have been studied. The 
measured experimental values of the speed of sound along with those of density are used to 
calculate the isentropic compressibility, Ilk, which provides useful information about the 
interactions that take place between the components of the mixture. Also, from the 

70 experimental values deviations in relative viscosity, llTJ, and refractive indices, llnD, have 
been estimated. Such results should give some insight into the interactions among the -OH 
and -NH2 groups. 

In addition, the rheological and molecular behaviour of a formulation can influence 
aspects such as, patient acceptability, since it has been well demonstrated that viscosity and 

75 density both influence the absorption rate of such products in the body [6,7]. The present 
study investigates and quantifies viscous synergy and volume contraction in binary 
mixtures of cyclohexylamine and isomeric butanols and their relation to concentration. 

2. Experiments 

2.1. Method 

80 Densities (p) were measured with an Ostwald-Sprengel-type pycnometer having a bulb 
volume of about 25 em3 and an internal diameter of the capillary of about 0.1 em. The 
pycnometer was calibrated at 298.15K with doubly distilled water and benzene. The 
pycnometer with experimental liquid was equilibrated in a glass-walled thermostated 
water bath maintained at O.oi K of the desired temperature. The pycnometer was then 



(1-lij 

""""" 

Physics and Chemistry of Liquids 3 

85 removed from the thermostat, properly dried and weighed in an electronic balance with 
a precision of 0.01 mg. Adequate precautions were taken to avoid evaporation losses 
during the time of measurements. An average of triplicate measurements was taken into 
account. The density values were reproducible to ±3 x I o-• gem - 3• The viscosity was 
measured by means of a suspended Ubbelohde-type viscometer, calibrated at 298.15 K 

90 with doubly distilled water and purified methanol. A thoroughly cleaned and perfectly 
dried viscometer filled with the experimental liquid was placed vertically in the glass
walled thermostat maintained to 0.01 K. After attainment of thermal equilibrium, effiux 
times of flow were recorded with a stopwatch correct to 0.1 s. At least three repetitions 
of each data reproducible to 0.1 s were taken to average the flow times. The accuracy of 

95 the viscosity measurements, based on our work on several pure liquids, was 0.003mPas. 
The details of the methods and measurement techniques have been described elsewhere 
[&--10]. The mixtures were prepared by mixing known volumes of pure liquids in air
tight stoppered bottles. The weights were taken on a Mettler electronic analytical 
balance (AG 285, Switzerland) accuratti" to 0.0002g. The ultrasonic speeds (u) were 

!00 determined using a single crystal variable path ultrasonic interferometer (Mittal 
Enterprises, New Delhi) working at 5 MHz [II] that was calibrated and the temperature 
stability was maintained within ±O.oi K by circulating thermostatic water around the 
cell with a circulating pump. The uncertainties in the liquid composition of sound 
measurements were estimated to be 0.2ms-•. Thus, the precision of the speed of sound, 

!05 density and viscosity measurements are ±0.2ms-•, ±3 x 10-4 kgm-3 and ±2x 10-4 
poise (P), respectively. The refractive indices of pure liquids and their binary mixture 
were measured by using a thermostated Abbe refractometer. The refractometer was 
calibrated by measuring the refractive indices of triply distilled water and toluene at 
desired temperatures. The values of refractive index were obtained using sodium D 

110 light. The uncertainty of refractive index measurements was within 0.0001. The reli
ability of experimental measurements of n was. ascertained by comparing the experi
mental data of pure liquids with the corresponding values available in the literature 
at 298.15K. · 

2.2. Source and purity of samples 

115 The monoalkanols, !-butanol, 2-butanol, isobutanol and 1-butanol with richness values 
of over 98% by volume (Merck) were purified by methods as described in other papers 
[12, 13]. The solvents finally obtained after purification were 99.9% pure. Cyclohexylamine 
with richness values of over 99% by volume was obtained from Thomas Baker 
(Chemicals) Limited and used without further purification. The purity of the liquids 

120 was checked by measuring their densities and viscosities at 303.15 K, which was quite in 
agreement with the literature values. 

3. Results 

The comparison of the experimentally determined densities, viscosities and speeds of 
sound at 298.15K of the pure components, along with their literature values [14-24], are 

125 presented in Table I, the experimental values of densities (p) and the excess molar volumes, 
v", of the binary mixtures of cyclohexylamine (A) and monoalkanols (B), i.e. !-butanol, 
2-butanol, isobutanol and 1-butanol, have been presented along with the mole fractions 
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Table I. Physical properties of pure components at 298.15K. 

px to-3 qx io' 
(kgm-') (kgm-•s-') u (ms-1) 

Solvents Exp. LiL Exp. LiL Exp. Lit. 

Cyclobexylamine 0.8628 0.8668[1] 1.7727 1.753[1] 1416.36 1416.4[1] 
1-Butanol 0.8051 0.80585[10] 2.5749 2.5420[4] 1240 1240[11] 
2-Butanol 0.8022 0.8024[10] 2.9924 2.8571[2] 1210.45 1210.43[9] 
]so butanol 0.7974 0.79798[10] 3.4298 3.435[6] 1187.09 1185.63[5] 
t-Butanol 0.7182 0.76475[10] 4.4449 4.3719[2] 1116.09 

nD 

Exp. Lit. 

1.4565 1.4565[3] 
1.3971 1.3975[1] 
1.3951 1.395[8] 
1.3939 1.3937[5] 
1.3852 1.3826[7] 

of (A) and (B) in Table 2. The excess molar volumes, v£, are calculated from density of 
these solvent mixtures according to the following equation [25]: 

n 

v£ = 'Lx,M,(If p- If Pi), (I) 
i=l 

130 where x1, M1, p1 and pare the mole fraction, molar mass of the i-th component, density of 
the i-th component and density of the solution mixture, respectively. 

Viscous synergy is the term used in application to the interaction between the 
components of a system that causes the total viscosity of the system to be greater than the 

135 sum of the viscosities of each component considered separately. In contraposition to 
viscous synergy, viscous antagonism is defined as the interaction between the components 
of a system causing the net viscosity of the latter to be less than the sum of the viscosities 
of each component considered separately [17]. Accordingly, when q~P > qeatab viscous 
synergy exists; while, when 1JCaJcd > llex.p, the system is said to exhibit viscous antagonism. 

140 If the total viscosity of the system is equal·to the sum of the viscosities of each component 
considered separately, the system is said to lack interaction [26,27]. This procedure is used 
when Newtonian fluids are involved, since in non-Newtonian systems shear rate must be 
taken into account, and other synergy indices are defined in consequence [28]. The 
viscosity in the absence of interaction, qea1,d, is defined by the simple mixing rule. 

n 

'lCalcd = L X;'l;, 
t=l 

145 where x1 and q1 are respectively the mole fraction and viscosity of component i. 

(2) 

The method used to analyse volume contraction and expansion is similar to that 
applied to viscosity, i.e. the density of the mixtureis determined experimentally, Pexp, and 
a calculation is made for PCakd based on the following expression: 

n 

llCalcd = L X;p;, 
i=l 

ISO where x1 and p1, are respectively the mole fraction and density of component i. 

(3) 

Viscosity deviation (l!J.q) values are presented in Table 3 for clear comparison among 
the alcohols that appear to have different properties with mole fraction of A. The method 
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Table 2 Experimental values of density, p x l0-3(kgm-3); excess molar volume, 
Jl" x 106(m3 mol-1) for the binary mixtures under investigation at 298.15 K. 

XA XB p X J0-3(kgm-3) Jl" x 103(m3 mol-1) 

Cyclohexylamine(A) + 1-butanol(B) 
0 I 0.8061 0 
0.0767 0.9233 0.8144 -0.3412 
0.1574 0.8426 0.8236 -0.7851 
0.2426 0.7574 0.8317 -1.1008 
0.3325 0.6675 0.8391 -1.3342 
0.4277 0.5723 0.8453 -1.4225 
0.5285 0.4715 0.8504 -1.3726 
0.6355 0.3645 0.8543 -1.1641 
0.7493 0.2507 0.8572 -0.8115 
0.8706 0.1294 0.8598 -0.3939 
I 0 0.8628 0 

Cyclohexylamine(A) + 2-butanol(B) 
0 I 0.8022 0 
0.0767 0.9233 0.8101 -0.2584 
0.1574 0.8426 0.8181 -0.5245 
0.2426 0.7574 0.8258 -0.7504 
0.3325 0.6675 0.8333 -0.9487 
0.4277 0.5723 0.84 -1.045 
0.5285 0.4715 0.8455 -0.988 
0.6355 0.3645 0.8502 -0.8188 
0.7493 0.2507 0.8539 -0.5047 
0.8706 0.1294 0.8583 -0.2568 
I 0 0.8628 0 
Cyclohexylamine(A) + isobutanol(B) 
0 I 0.7974 0 
0.0767 0.9233 0.8059 -0.2827 
0.1574 0.8426 0.8147 -0.5949 
0.2426 0.7574 0.824 -0.9595 
0.3325 0.6675 0.8322 -1.1892 
0.4277 0.5723 0.8395 -1.3032 
0.5285 0.4715 0.8455 -1.2502 
0.6355 0.3645 0.8504 -1.0464 
0.7493 0.2507 0.8549 -0.7714 
0.8706 0.1294 0.8584 -0.3418 
I 0 0.8628 0 
Cyclohexylamine(A) + t-butanol(B) 
0 I 0.7782 0 
0.0767 0.9233 0.7876 -0.2077 
0.1574 0.8426 0.797 -0.3993 
0.2426 0.7574 0.8069 -0.6339 
0.3325 0.6675 0.8166 -0.8272 
0.4277 0.5723 0.8254 -0.8893 
0.5285 0.4115 0.8333 -0.8188 
0.6355 0.3645 0.8406 -0.6479 
0.7493 0.2507 0.8476 -0.4105 
0.8706 0.1294 0.8548 -0.1678 
I 0 0.8628 0 

5 
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Table 3. CalcuJated, J7Calcd x 103 (kgnC1 s-1), and experimental, J7exp x I03(kgm-1 s-1
), values of 

viscosity, deviation in viscosity Aq x 103 (kgm-1 s-1
) along with synergic index, /5 , for the binary 

mixtures under investigation at 298.15K. 

XA Xo qc.Jal X 103 (kgm-l S-1) qap X 103 (kgm-1 s-1) IJ.q X lo' (kgm-l S-l) Is 

Cyclohexylamine(A) + 1-butanoi(B) 
0 I 2.5749 2.5749 0 0 
0.0767 0.9233 2.5134 2.5577 0.0443 0.0176 
0.1574 0.8426 2.4486 2.5551 0.1065 0.0435 
0.2426 0.7574 2.3803 2.5642 0.1839 0.0773 
0.3325 0.6675 2.3082 2.5736 0.2654 0.115 
0.4277 0.5723 2.2318 2.5494 0.3176 0.1423 
0.5285 0.4715 2.1509 2.4811 0.3302 0.1535 
0.6355 0.3645 2.0651 2.3794 0.3143 0.1522 
0.7493 0.2507 1.9738 2.2482 0.2744 0.1390 
0.8706 0.1294 1.8765 2.0617 0.1852 0.0987 
I 0 1.7727 1.7727 0 0 

Cyclohexylamine(A) + 2-butanoi(B) 
0 I 2.9924 2.9924 0 0 
0.0767 0.9233 2.8988 . 2.8039 -0.0949 ,-0.0327 
0.1574 0.8426 2.8004 2.6191 -0.1813 -0.0647 
0.2426 0.7574 2.6965 2.4718 -0.2247 -0.0833 
0.3325 0.6675 2.5868 2.3694 -0.2174 -0.0840 
0.4277 0.5723 2.4707 2.3025 -0.1682 -0.0681 
0.5285 0.4715 2.3478 2.2499 -0.0979 -0.0417 
0.6355 0.3645 2.2173 2.2243 0.007 0.0032 
0.7493 0.2507 2.0785 2.148 0.0695 0.0334 
0.8706 0.1294 1.9305 2.0022 0.0717 0.0371 
I 0 1.7727 1.7727 0 0 

Cyclohexylamine(A) + isobutanol(B) 
0 I 3.4298 3.4298 0 0 
0.0767 0.9233 3.3027 3.2736 -0.0291 -0.0088 
0.1574 0.8426 3.169 3.1827 0.0137 0.0043 
0.2426 0.7574 3.0278 3.1254 0.0976 0.0322 
0.3325 0.6675 2.8788 3.0672 0.1884 0.0654 
0.4277 0.5723 2.7211 2.9756 0.2545 0.0935 
0.5285 0.4715 2.554 2.8595 0.3055 0.1196 
0.6355 0.3645 2.3767 2.6813 0.3046 0.1282 
0.7493 0.2507 2.1881 2.4473 0.2592 0.1185 
0.8706 0.1294 1.9871 2.165 0.1779 0.0895 
I 0 1.7727 1.7727 0 0 

Cyclohexylamine(A) + t-butanoi(B) 
0 I 4.4449 4.4449 0 0 
0.0767 0.9233 4.2399 4.0394 -0.2005 -0.0473 
0.1574 0.8426 4.0243 3.7217 -0.3026 -0.0752 
0.2426 0.7574 3.7966 3.4437 -0.3529 -0.093 
0.3325 0.6675 3.5564 3.2026 -0.3538 -0.0995 
0.4277 0.5723 3.302 2.9739 -0.3281 -0.0994 
0.5285 0.4715 3.0326 2.7489 -0.2837 -0.0936 
0.6355 0.3645 2.7467 2.5193 -0.2274 -0.0828 
0.7493 0.2507 2.4426 2.3092 -0.1334 -0.0546 
0.8706 0.1294 2.1185 2.106 -0.0125 -0.0059 
I 0 1.7727 1.7727 0 0 
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most widely used to analyse the synergic behaviour of the ternary liquid mixtures used 
ISS here is that developed by Kalentunc-Gencer and Peleg [29] allowing quantification of the 

synergic and interactions taking place in the mixtures involving variable proportions of 
the constituent components. Quantitatively, as per the absolute reaction rates theory [30], 
the deviations of viscosities from the ideal mixture values can be calculated as: 

n 

fl.TJ = 1lexp - L X;1};, 
i=l 

(4) 

160 where n"P is the viscosity of the mixture and x1 and n1 are respectively the mole fraction 
and viscosity of component i. 

In order to secure more comparable viscous synergy results, the so-called synergic 
interaction index introduced by Howell [31] is taken into account: 

Is= (noxp- nCaJoo)/nealoo "'-n/nCaJoo. (5) 

16S Table 3 also gives the data for the Is of th~ mixtures against xA. The negative value of Is 
gives antagonic interaction index (!A). 

Isentropic compressibilities, K, and excess isentropic compressibility, Kf are calculated 
from p,xp and speeds of sound, u, using the following equations [32-34]. 

170 Ks = 1/(.l-p) (6) 

n 

K'! = Ks- Lx;Ks,;, 
i=l 

(7) 

where x1 and K8,1 are respectively the mole fraction and isentropic compressibility of 
component i. The experimental speeds of sound (u}, Ks and Kf values are compiled in 
Table 4 along with XA and results have been depicted graphically in Figure I. 

175 Table 5 represents the !'J.nn along with l'J.nncruoo and l'J.nnexp values for the four binary 
mixtures under examination. The deviations in refractive indeX from the mole fraction 
average (!'J.nn) are given by: 

n 

.tl.nn = nn- Lx;nv,;, 
i=l 

(8) 

where nn is the refractive index of the·mixture and x; and nn,1 are the mote fractiop and 
180 refractive index of component i, respectively. Figure 2 shows the results of l'J.nn for the 

four mixtures at 298.15K. 
Again, the ·v", !'J.n, Kf and l'J.nn values can be fitted to Redlich-Kister equation [35] to 

derive the binary coefficient, Ak: 
m 

Y1) = Xtx/~:::: Ak(Xt- Xj)', (9) 
k=l 

18S where Y1J refers to an excess property for each i-jbinary pair, x1is the mole fraction of the 
i-th component and Ak represents the coefficients. 

The standard deviation for all the semiempirical models or equations used was 
calculated using the relation 

(IO) 
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Table 4. Experimental values of ultrasonic speed, u, (ms-1
); isentropic conwressibility, 

Ks x 1012(Pa-1
) and deviation in isentropic compressibility, Kf x 1012(Pa-) of binary 

mixtures at 298.15K. 

XA u (ms-1) Ks x 101'(Pa-1) Kf X 1012(Pa-1) 

Cyclohexylamine(A) + 1-butanoi(B) 
0 1240 806.8 0 
0.0767 1254.7 779.98 -0.9 
0.1574 1277.7 743.75 -2.7 
0.2426 1299.7 711.78 -4 
0.3325 1323.7 680.15 -5.1 
0.4277 1345.8 653.17 -5.6 
0.5285 1365.5 630.66 -5.5 
0.6355 1379 615.55 -4.6 
0.7493 1388.8 604.84 -3.1 
0.8706 1398.8 594.42 -1.3 
I 1416.4 577.72 0 

Cyclohexylamine(A) + 2-butanoi(B) 
0 1210.5 850.72 0 
0.0767 1225.4 822.06 -0.8 
0.1574 1245 788.6 -1.9 
0.2426 1265.7 755.9 -2.9 
0.3325 1288.7 722.6 -3.8 
0.4277 1312.8 690.75 -4.3 
0.5285 1331.5 667.12 -4 
0.6355 135o.4 644.99 -3.3 
0.7493 1370.2 623.77 -2.3 
0.8706 1390.5 602.59 -1.1 
I 1416.4 577.72 0 

Cyclohexylamine(A) + isobutanoi(B) 
0 1187.1 889.92 0 
0.0767 1203.7 856.41 -I 
0.1574 1225.7 817.02 -2.4 
0.2426 1248.8 778.19 -3.6 

. 0.3325 1272.8 741.74 -4.5 
0.4277 1298.7 706.26 -5 
0.5285 1321.8 676.95 -4.8 
0.6355 1342.6 652.35 -3.9 
0.7493 1364.3 628.44 -2.8 
0.8706 1388.1 604.6 -1.4 
I 1416.4 577.72 o. 
Cyclohexylamine(A) + t-butanoi(B) 
0 1116.1 1031.58 0 
0.0767 1132.8 989.44 -0.8 
0.1574 1152.1 945.28 -1.5 
0.2426 1175.2 897.34 -2.5 
0.3325 1200.9 849.14 -3.2 
0.4277 1228.6 802.63 -3.5 
0.5285 1257.2 759.26 -3.3 
0.6355 1287.9 717.21 -2.6 
0.7493 1323.4 673.64 -1.8 
0.8706 1363.8 628.98 -0.8 
I 1416.4 577.72 0 
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1.2 

x, 
Figure I. Variation of deviation in isentropic compressibility K~ x I0 1~a-1) against mole 
fraction (x,J of cyclohexylamine at 298.15K. with 1-butanol (•), 2-butanol ( +). isobutanol (A), 
!-butanol (-). ~ 

190 where n is the number of experimental points and m is the number of adjustable 
parameters. 

4. Discussion 

The results in Table 2 and the curves in Figure 3 show that the excess volume is negative 
over the whole range of composition in the four mixtures. The v" values fall in the order 

1-butanol > 2-butanol > isobutanol > !-butanol. 

195 The more negative value found for !-butanol and to those of all the other butanol 
isomers may be attributed to their more spherical shape. This spherical shape makes it 
difficult to form hydrogen bond between theroselves, so that hydrogen bonding is mainly 
established with smaller molecules having -OH group at the terminal carbon atom. 

200 Comparing the v" data obtained in this article with the corresponding values obtained in a 
work for benzylamine +the pentanol isomers, the same trend was observed [36]. The 
negative values of excess molar volume, v", suggest specific interactions [37-40] between 
the mixing components in the mixtures while its positive values sUggest dominance of 
dispersion forces between them. The negative v" values indicate the specific interactions 

205 such as intermolecular hydrogen bonding between the mixing components and also the 
interstitial accommodation of the mixing components because of the difference in molar 
volume. Several effects may contribute to the value of v" and three different effects may 
be considered as being important - (a) disruption of liquid order on mixing and 
unfavourable interactions between unlike molecules producing a positive contribution to 

210 v", (b) differences in molecular volumes and free volumes [41] between liquid components 
and (c) the possible association due to hydrogen bond interactions between the unlike 
molecules. The actual volume change would, therefore, depend on the relative strength 
of these effects. Thus, negative values of v" may be attributed to the presence of 
strong intermolecular hydrogen bond interactions between the cyclohexylamine and the 

215 isomeric butanols. · 
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Table 5. Experimental and calculated values of refractive index, 
deviation in refractive index l!a1Jn of binary mixtures at 298.15K. 

XA xa nD<>.p 1JDCalcd 

Cyclohexylamine(A) + 1-butanol(B) 
0 I 1.3971 1.3971 
0.0767 0.9233 1.39921 1.4017 
0.1574 0.8426 1.3999 1.4064 
0.2426 0.7574 1.4 1.4115 
0.3325 0.6675 1.4005 1.4169 
0.4277 0.5723 1.4042 1.4225 
0.5285 0.4715 1.4105 1.4285 
0.6355 0.3645 1.4191 1.4348 
0.7493 0.2507 1.4312 1.4416 
0.8706 0.1294 1.4451 1.4488 
I 0 1.4565 1.4565 

Cyclohexylamine(A) + 2-butanol(B) 
0 I 1.3951 1.3951 
0.0767 0.9233 1.3989 1.3998 
0.1574 0.8426 1.4011 1.4048 
0.2426 0.7574 1.4032 1.4100 
0.3325 0.6675 1.4049 1.4156 
0.4277 0.5723 1.4088 1.4214 
0.5285 0.4715 1.4158 1.4275 
0.6355 0.3645 1.4254 1.434I 
0.7493 0.2507 1.4365 1.4411 
0.8706 O.I294 1.4472 1.4486 
I 0 1.4565 1.4565 

Cyclohexyiamine(A) + isobutanoi(B) 
0 I 13939 1.3939 
0.0767 0.9233 1.3972 1.3987 
O.I574 0.8426 1.3995 1.4038 
0.2426 0.7574 1.4009 1.409I 
0.3325 0.6675 1.4028 1.4148 
0.4277 0.5723 1.406 1.4207 
0.5285 0.4715 1.4126 1.4270 
0.6355 0.3645 1.422 1.4337 
0.7493 0.2507 1.4333 1.4408 
0.8706 0.1294 1.446 1.4484 
I 0 I.4565 1.4565 

Cyclohexylamine(A) + 1-butanol(B) 
0 I 1.3852 1.3852 
0.0767 0.9233 1.390I 1.3907 
O.I574 0.8426 1.3932 1.3964 
0.2426 0.7574 1.3972 1.4025 
0.3325 0.6675 1.40I6 1.4089 
0.4277 0.5723 1.4079 1.4I57 
0.5285 0.4715 1.4I6I 1.4229 
0.6355 0.3645 1.4255 1.4305 
0.7493 0.2507 1.4356 1.4386 
0.8706 O.I294 1.4459 1.4473 
I 0 1.4565 1.4565 

nn. and 

Ano 

0 
-0.0024 
-0.0065 
-0.0115 
-0.0164 
-0.0183 
-0.018 
-0.0157 
-0.0104 
-0.0037 

0 

0 
-0.0009 
-0.0037 
-0.0068 
-0.0106 
-0.0126 
-0.0117 
-0.0087 
-0.0046 
-O.OOI4 

0 

0 
-O.OOI5 
-0.0043 
-0.0082 
-0.0119 
-O.OI47 
...:o.OI44 
-0.0117 
-0.0075 
-0.0024 

0 

0 
-0.0006 
-0.0032 
-0.0053 
-0.0073 
-0.0078 
-0.0068 
-0.005 
-0.003 
-O.OOI4 

0 
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Figure 2. Variation of deviation in refractive index l:l.nD against mole fraction (xA) of 
cyclohexylamine at 298.15K. with 1-butanol (•), 2-butauol (+), isobutanol (A), !-butanol(-). 
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Figure 3. Variation of excess molar volumes, F x io3(m3 mol-1) against mole fraction (~.J of 
cyclohexylamine at 298.15K with 1-butanol (•), 2-butauol (+), isobutanol (&),!-butanol('). 

The minimum v" values for all the mixtures appear near the equimolecular 
composition. The diagrams in which the excess volumes for the ternary systems 
(Figure 3) are represented have the same shape. Knowing that excess volume is the result 
of a sum of several effects - chemical, structural and physical - it would lead to the 

220 subsequent formation of bonds between -OH and -NH2 groups that will yield a greater 
packing and therefore a negative excess volume for the mixture alkanol +cyclohexylamine. 
Mixing alcohols with cyclohexylamine has the consequence that hydrogen bondings 
of the self-association of alcohols are broken and new hydrogen bonds (-HO · · · H-N-) 
with cyclohexylamine are generated. Since the bonding (-HO ... H-N-) is stronger than 

225 (-HO · · · HO) and has a more negative excess volume, the resulting excess volume reflects 
this balance leading to a negative contribution. This contribution depends also on the 
degree of cross-association between the alcohol and the cyclohexylamine molecule. The 
larger the cyclohexylamine molecule, the smaller is the alcohol molecule due to steric or 
en tropic effects which have an influence on the cross-association equilibrium constant. 

2 
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230 The values in Table 3 are graphically represented in Figures 4-6. 
In Figure 4 the viscosity is seen to increase in case of the system cyclohexylamine + 

!-butanol and cyclohexylamine+isobutanol non-linearly for the entire composition range, 
and from Table 3 it is observed that where ~"'P > ~Cakd for the binaty mixtures, synergy 
prevails as mentioned earlier reaching maximum values (saturation point) at different 

235 concentrations in each case and thereafter decreases. Further, it has also been observed 
that antagonism comes into play for the system cyclohexylamine +/-butanol and 
~"'P < ~Cal<XI"~exp have lower values than ~Cal<XI but higher for the last four composition 
range for the system cyclohexylamine + 2-butanol. This may be attributed to the known 
phenomenon of solvation -as a consequence of the hydrogen bonds formed between the 

240 molecules of the components of the mixture- producing an increase in size of the resulting 
molecular package, which legally implies rise in viscosity. In case of isomers, the H-bonds 
in tertiary is weaker than in secondary which is weaker than primary alkanols, i.e. the 
monoalkanols \vith -OH group at terminal position other than primary C-atom, attracts 
more unlike molecules. This type of characteristic behaviour is a manifestation of strong 

5 

~ ... 4.5 
4 

'e 3.5 
...•....•... ·•····•· ····•··· 

C1 3 
!? 2.5 
0 

... 

';( 2 ······ ------ .. : ... 
"" 1.5 

1 
0.5 

0 

0 0.2 0.4 0.6 0.8 1.2 

x, 
Figure 4. Experimental, . ~exp x Io' (kgm-1 s-1), (-) and calculated, ~Cakd x Io'(kgm-1 s-1

), 

(-------)viscosity against mole fraction (x.J of cyclohexylamine at 298.15K. with 1-butanol (•), 
2-butanol (+), isobutanol (A), !-butanol(-). 

0.4 

0.3 
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" ' 0.1 
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Figure 5. Variation of deviation in viscosity Aq x Hf(k:gm-1 s-1

) against mole fraction (xA) of 
cyclohexylamine at 298.ISK. with 1-butanol (•), 2-butanol (+), isobutanol (A), !-butanol(-). 
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245 specific interaction [19] between the unlike molecules predominated by H-bonding 
interaction. Similar results were reported in earlier papers [17]. 

A perusal of Table 3 shows that the values of viscosity deviation, t;.q, are positive over 
the entire composition range for the system cyclohexylamine+ !-butanol and isobutanol 
except one composition. Whereas AfJ are negative over the entire composition range for 

250 the system cyclohexylamine + 1-hutanol, but in case of 2-butanol after attaning a minima 
shows to obtain positive viscosity deviation, !;.q. The estimated uncertainty for viscosity 
deviation, t;.q, is 0.004mPas. The negative values imply the presence of dispersion forces 
between the mixing components in these mixtures, while positive values may be attributed 
to the presence of specific interactions [42] between them. The plots of viscosity deviation, 

255 6.71, versus mole fraction, xA, for the different binary mixtures have been presented in 
Figure 5. The decrease of mixture viscosities indicates the weakening of self-association of 
alkanols in presence of cyclohexylamine. According to Fort and Moore [42], excess 
viscosities are negative in mixtures of components having unequal size and in which 
dispersion forces are present. As expected, the values of t;.q become more negative as the 

260 chain length of the alkanols [43] and branching in chain length of the concerned molecule 
increases and one shifts from primary to secondary alcohols. This suggests that the 
strength of interaction in the mixtures is in the order: 

t-butanol < 2-butanol <isobutanol < !-butanol 

indicating same result as obtained in case of excess molar volume. 
265 In Figure 6, the synergic index values for the ternary mixtures are presented in the 

following trend: 

t-butanol < 2-butanol <isobutanol <!-butanol. 

Here steric effect becomes the deciding factor. Due to large and complex size of 
the tertiary and secondary alkanols compared to the primary· ones, cyclohexylamine 

270 molecules cannot easily disrupt the molecular package formed between like molecules. 
Thus, the mutual attraction remains lower for the 3- and 2° -isomers. The explanation 
of this behaviour is based on the known phenomenon of molecular dissociation - as a 

0.2 

0.15 

0.1 

0.05 
.!/' 

0 
1.2 

-0.05 

-0.1 

-0.15 

x, 

Figure 6. Synergic index values (Is) against mole fraction (x.) of cyclohexylamine at 298.15 K. with 
1-butanol <•J, 2-butanol (+), isobutanol (&),!-butanol(-). 
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consequence of weakening the H-bond formed between the molecules producing a 
decrease in size of the molecular package- which logically implies the decrease in /8• Thus, 

275 the molecular package decreases gradually with the branching of alcohols which implies 
a decrease in Is. 

Figure I shows that Kf values are negative for all the mixtures, and fall in the order: 

t -butanol> 2-butanol > isobutanol > I -butanol. 

It is interesting to note that the trend observed is just the reverse of that obtained for Is 
280 values of the mixtures. This trend is justified by the presence of weak interaction or 

structure disruptive effects between the mixing liquids for the binary mixtures of isomeric 
butanols and by the presence of strong hydrogen bond interactions between the mixing 
liquids for the binary mixtures. As stated earlier, alkanols in pure state remains in associate 
form. These structures can thus resist the structure disruptions in the presence of 

285 cyclohexylamine and this effect probably increases with the branching in the alkanols. The 
largest negative value is observed for the system cyclohexylamine with !-butanol and 
the minimum for the studied binary systems remains at XA=0.4277. The Kl values 
may be attributed to (i) an increase in free spaces in mixtures compared to those in pure 
components due to the depolymerisation of alcohol aggregates with the addition of 

290 cyclohexylamine and (ii) a decrease in free spaces as a result of hydrogen-bonding 
interactions of the type (-HO · · · H-N-) between unlike molecules and interstitial 
accommodation of cyclohexylamine in hydrogen bonded aggregates of alcohols. The 
former factor leads to positive Kl values, and the latter effect contributes to negative 
values of Kl. The actual deviation in isentropic compressibility would be the resultant of 

295 the later effect. The algebraic values of Kl at eqnimolar mixtures fall in the order. 

/-butanol> 2-butanol > isobutanol > I -butanol. 

These observations are further supported by v" (Figure 3) and 6q (Figure 5) values. 
The 6n0 values, which increase as the branching increases, are negative for all of the 

systems over the entire range of composition. The values of 6n0 · follow the order: 

/-butanol> 2-butanol >isobutanol> !-butanol. 

300 Figure 2 represents variation of deviation in refractive index 6n0 against mole fraction 
(xA) of cyclohexylamine at 298.15 K. 6n0 are negative for the whole range of composition 
and for all the considered binary systems. The negative values of this property show, 
through the Maxwell equation (e=n),), that the mixture has a permittivity at the Na 

305 D-line wavelength smaller than that in the ideal case. This behaviour could be explained 
by considering that when the packing effect decreases (v" > 0), the number of dipoles per 
unit volume diminishes and therefore n0 also becomes smaller, originating negative 6n0 • 

It would imply the influence of v" in the polarisation mechanisms at high frequency, just 
as it seems to be reflected in the results obtained by the theoretical models for the 

310 prediction of no [44], which improve when the real volume is considered (v";60). 
The values of coefficients Ak, were determined by a multiple-regression analysis based 

on the least squares method and were summarised along with their standard deviations 
between the experimental and fitted values of the respective functions in Table 6. The small 
u values for excess or deviation properties indicated that the fits are good and in the 

315 present study, v", 6q, Kl and 6n0 are quite systematic and function of the composition 
of the binary mixtures. 
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Table 6. Correlation coefficients of viscosity, density, speed of sound and refractive index of the 
binary mixtures at 298.15K. 

Cyclohexylamine Cyclohexylam.ine Cyclohexylamine Cyclohexylamine 
(A)+ 1-butanoi(B) (A)+ 2·butanoi(B) (A)+ isobutanoi(B) (A)+ 1-butanoi(B) 

v"x lo'(m3 mol-1) 

Ao -5.64538 -4.11177 -5.09324 -3.40004 
A, 0.44975 1.42805 1.89799 1.93971 
A2 -2.95093 3.42632 1.29026 1.58766 
A, -2.73634 0.51357 -4.39262 -3.124 
A, 2.99658 -2.73905 2.29289 3.98537 
As -2.13203 4.61461 2.40626 
A• -5.23695 
C1 0.02878 0.0129 0.015 0.00141 
ll.q X 103(kgm-1 s-1) 

Ao 1.3226 -0.45806 1.17402 -1.18775 
A, 0.10497 1.73801 0.64299 0.87857 
A2 -0.36217 0.17636 -0.77242 -0.90355 
A, 1.62777 -0.69041 0.81372 1.13961 
A. 0.20144 2.31038 
As -1.25491 0.22816 
A• -1.75172 
C1 0.00153 0.00534 0.004074 0.00169 
~ x 1012(Pa-1

) 

Ao -22.49032 -16.53614 -19.49556 -13.51899 
A, 5.58537 5.80013 6.85881 5.61865 
A2 17.79119 9.26901 8.91608 7.80333 
A, 1.89797 -6.38625 -7.21639 -4.99944 
A, -32.00625 
As -6.40661 
Ao 44.46021 
C1 0.06567 0.06369 0.05618 0.08059 

ll.no 
Ao -0.075 -0.04914 -0.05854 -0.02892 
A, 0.00922 0.02348 0.0065 0.02312 
A2 0.06459 0.08018 0.06246 0.02391 
A, -0.03154 -0.03449 
A, -0.04085 
As 
A• 
C1 0.00038 0.00022 0.00028 0.00015 

5. Conclusion 
In summary, cyclohexylamine +isomeric butanol systems are characterised by the 
presence of strong hydrogen bond interaction between the mixing liquids and the strength 
of interaction follows the order: cyclohexylamine + /-butanol < cyclohexylamine + 
2-butanol < cyclohexylamine+isobutanol < cyclohexylamine+ !-butanol; also steric 
and other effects play a pivotal role in this regard. On the contrary, alkanol +amine 
systems are characterised by the presence of hydrogen bond interaction in the studied 
binary systems. The reason is probably the formation of strong hydrogen bond interaction 
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in these molecules formed by the interaction of the alcoholic oxygen and hydrogen of 
-NH2 group in the cyclohexylamine molecule. The monoalkanols with the hydroxyl group 
positioned at the first carbon atom accept more cyclohexylamine than those with the 
hydroxyl group at secondary or tertiary alcohols and their Is values are, therefore, 
considerably higher. 
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Abstract: The apparent molar volumes, (Jy, and viscosity B-coefficients, B, for 
nicotinic acid (NA) and benzoic acid {BA) in mixed solvents containing 10, 20, 
30 mass % of n-amyl alcohol (n-AmOH) or isoamyl alcohol (i-AmOH) in me
thanol and in pure methanol (MeOH) were determined from the solution den
sity and viscosity measurements at 298.15 K as function of concentrations of 
NA and BA. These results were, in conjunction with the results obtained in pure 
methanol, used to deduce the partial molar volumes oftrausfer, 11¢Ji, and vis
cosity B-coefficients of trausfer, M, for NA and BA from methanol to diffe
rent mixed methanol solvents, in order to rationalize various interactions in the 
ternary solutions. An increase in the trausfer properties ofNA and BA with in
creasing mass % of n-AmOH and i-AmOH in methanol was observed and ex
plained by the effect of structural changes and preferential solvation. Also, the 
free energies of viscous flow, Aj}/ct. and A~~, per mole of solvent and solute, 
respectively, were calculated and analyzed on the basis of the transition state 
theory of relative viscosity. 

Keywords: apparent molar volumes; viscosity B-coefficients; nicotinic acid; 
benzoic acid; solute--solvent interactions. 

INTRODUCf!ON 

Many enzymes require a non-protein co-factor for their catalytic activities. 
Vitamins are essential precursors for various co-enzymes. These co-enzymes are 
therefore required in almost all metabolic pathways_! Nicotinic acid (pyridine-3-
-carboxylic acid) is an essential micro-nutrient, a reactive moiety· of the co-en
zyme nicotinamide adenine dinucleotide (NAD) and nicotinamide adenine dinuc
leotide phosphate (NADP). 2 NAD is involved in the catabolism of carbohydrates, 
fats, and proteins with simultaneous energy production. The NADP functions con
sist especially of anabolic processes of fatty acids and cholesterol synthesis.3-5 
Sometimes nicotinic acid is referred to as nothing more than vitamin PP (Pellagra 
Preventive),2.6,7 since its deficiency inhuman diet causes pellagra. 
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Benzoic acid is a good adsorbing reagent for insuJin8,9 and is used in 
medicine as a urinary antiseptic and in the vapor form for disinfecting bronchial 
tubes.IO This acid also finds many important applications in the manufacture of 
alkyl resins, plasticizers and pharmaceuticals.ll 

Volumetric properties of the binary or ternary mixtures have recently been 
studied extensively. In particular, much effort has gone into the determination of 
partial molar volumes at infmite dilution, as they are the key to solvation pheno
mena. Although there are studies on various properties of nicotinic acid (NA) 
7,12-17,20 and benzoic acid (BA) 9,1S-22 in the literature, studies on partial molar 
volumes and viscosities of these compounds in mixed solvent systems are still 
scarce. Hence in this study an attempt was made to study these properties for NA 
and BA in binary mixtures of methanol with n-amyl (n-AmOH) and isoamyl al
cohol (i-AmOH) at 298.15 K to unravel the various interactions prevailing in the 
ternary systems under investigation. 

EXPERIMENTAL 

Nicotinic acid and benzoic acid were purchased from the Sigma Chemical Company, 
USA and used as received Their purity as supplied by the vendor was 99 %. A. R. Grade 
methanol, n-amyl alcohol and isoamyl alcohol were purchased from Merck, India. The purity 
of the alcohols as given by the vendor was also 99 %. The purification of methanol was cited 
in an earlier paper.23 Both n-AmOH and i-AmOH were dried with anhydrous K2C03 and frac
tionally distilled. The middle fraction was collected and kept free from humidity with 3 A mo
lecular sieves. 24 The physical properties of the different pure liquids and mixed methanol sol
vents are listed in Table I. 

TABLE I. Physical properties of different pure and mixed methanol solvents at 298.15 K 

Solvent 

Methanol 
n-Amyl alcohol 
Isoamyl alcohol 
10 mass% ofn-amyl alcohol 
20 mass% of n-amyl alcohol 
30 mass % of n-amyl alcohol 
I 0 mass % of isoamyl alcohol 
20 mass% of isoamyl alcohol 
30 mass % of isoamyl alcohol 

p/gcm·3 q/mPas 
Experimental Literature Experimental Literature 

0.7869 0.786926 0.547 0.54726 
0.8115 0.811o" 3.350 3.35024 

0.8071 0.807124 3.475 3.48o" 
0.7883 0.569 
0. 7898 0.645 
0. 7923 0. 732 
0.7882 0.574 
0. 7900 0.648 
0.7911 0.720 

Stock solutions ofNA and BA in different mixed methanol solvents and in pure metha
nol were prepared by mass and the working solutions were prepared by mass dilution. The 
conversion of molality into molarity was accomplished using the experimental density values. 
Great care was taken in minimizing evaporation losses and preventing moisture pick~up. The 
uncertainty in the molarity of the nicotinamide solutions was evaluated to ±0.0001 mol dm-3. 

The densities were measured with an Ostwald-Sprengel type pycnometer having a bulb 
volume of 25 cm3 and an internal diameter of the capillary of about 0.1 em. The pycnometer 
was calibrated at 298.15 K with doubly distilled water and purified benzene. The pycnometer 
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with the test solution was equilibrated in a water bath maintained at ±0.01 K of the desired 
temperature. The pycnometer was then removed from the thermostatic bath, properly dried, 
and weighed. The mass measurements accurate to ±0.01 mg were made on a digital electronic 
analytical balance (Mettler Toledo, AG 285, Switzerland). The total uncertainty in density 
was estimated to be±O.OOOI g cm·3 and that of the temperature ±0.01 K. 

The viscosity was measnred by means of a suspended Ubbelohde type viscometer, which 
had been thoroughly cleaned, dried and calibrated at 298.15 K with triply distilled water and 
purified methanol. It was filled with experimental liquid and placed vertically in a glass sided 
thermostat bath maintained constant to ±0.0 I K. The effiux times of flow of the liquids were 
recorded with a stopwatch correct to ±0.1 s. The viscosity of a solution, TJ, is given by the 
following equation: 

L 
TJ=(kt--)p 

I 
(I) 

where k and L are viscometer constants and 1 and p are the effiux time of flow and the density 
of the experimental liquid, respectively .. The uncertainty in the viscosity measurements was 
within ±0.003 mPa s. Details of the methods and techniques of density and viscosity measure
ments were described elsewhere. 25.26 The experimental values of concentrations c, densities vis
cosities, and derivedparameters of the studied terruuy solutions at298.15 K are reported in Table II. 

TABLE II. Concetration, density, viscosity, apparent molar volume, ¢v, and (TJ, -1)/ ../c for 
nicotinic acid and benzoic acid in methanol and mixed methanol solvents at 298.15 K 

clmoidm-3 pig cm.J TJimPas ¢vi cm3 moJ·1 (TJ,-1)/:{c 

Nicotinic acid 
In methanol 

0.0197 0.7880 0.551 88.32 0.0521 
0.0320 0.7886 0.553 87.09 0.0613 
0.0517 0.7898 0.559 85.51 0.0965 
0.0690 0.7908 0.563 84.28 0.1113 
0.0779 0.7913 0.565 83.91 0.1179 
0.0821 0.7916 0.566 83.70 0.1212 

In 10 mass% ofn-AmOH + MeOH 
0.0200 0.7893 0.575 93.55 0.0746 
0.0325 0.7900 0.579 92.20 0.0975 
0.0524 0.7910 0.584 90.45 0.1152 
0.0699 0.7920 0.590 89.08 0.1396 
0.0874 0.7930 0.596 87.95 0.1605 
0.0901 0.7932 0.597 87.80 0.1639 

In 20 mass% ofn-AmOH + MeOH 
0.0200 0.7908 0.647 92.90 0.0219 
0.0325 0.7915 0.651 90.04 0.0516 
0.0524 0.7927 0.656 86.29 0.0745 
0.0699 0.7938 0.662 83.76 0.0996 
0.0874 0.7949 0.668 81.67 0.1206 
0.0900 0.7951 0.669 81.31 0.1240 
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TABLE II. Continued 

c/moldm·3 p/gcm·3 q/mPas ¢vi cm3 mol·1 (1/r -1)/:{c 
Nicotinic acid 

In 30 mass% of n-AmOH + MeOH 
0.0199 0.7931 0.737 104.64 0.0484 
0.0325 0.7937 0.742 101.01 0.0758 
0.0524 0.7948 0.752 95.17 0.1194 
0.0698 0.7957 0.760 93.90 0.1448 
0.0812 0.7964 0.765 91.65 0.1582 
0.0815 0.7964 0.765 91.89 0.1579 

In 10 mass %of i-AmOH + MeOH 
0.0198 0.7893 0.579 83.32 0.0619 
0.0321 0.7900 0.582 83.12 0.0778 
0.0519 0.7912 0.589 82.85 0.1147 
0.0692 0.7922 0.595 82.68 0.1391 
0.0865 0.7932 o.601 82.50 0.1599 
0.0878 0.7933 o.601 82.49 0.1587 

In 20 mass % ofi-AmOH + MeOH 
0.0197 0.7909 0.651 98.01 0.0330 
0.0321 0.7916 0.655 92.74 0.0603 
0.0518 0.7927 0.662 89.86 0.0949 
0.0690 0.7938 0.668 86.12 0.1175 
0.0780 0.7943 0.671 86.05 0.1271 
0.0822 0.7946 0.673 85.00 0.1346 

In 30 mass% ofi-AmOH + MeOH 
0.0197 0.7920 0.729 97.87 0.0891 
0.0321 0.7927 0.738 92.61 0.1395 
0.0518 0.7941 0.754 82.41 0.2075 
0.0691 0.7954 0.765 76.96 0.2378 
0;0839 0.7967 0.777 72.00 0.2733 
0.0849 0.7967 0.778 71.70 0.2765 

Benzoic acid 
In methanol 

0.0200 0.7885 0.553 88.60 0;0776 
0.0320 0.7890 0.556 88.45 0.0920 
0.0519 0.7898 0.560 88.25 0.1043 
0.0719 0.7907 0.564 88.11 0.1159 
0.0878 0.7915 0.567 88.01 0.1234 
0.0999 0.7919 0.569 87.96 0.1272 

In 10 mass% ofn-AmOH + MeOH 
0.0204 0.7894 0.573 86.51 0.0492 
0.0325 0.7901 0.576 84.66 0.0682 
0.0528 0.7913 0.580 82.84 0.0841 
0.0732 0.7926 0.585 80.40 0.1039 
0.0894 0.7936 0.588 79.71 0.1117 
0.0996 0.7943 0.591 78.50 0.1225 
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c/moidm·3 

0.0200 
0.0320 
0.0521 
0.0722 
0.0883 
0.0983 

0.0200 
0.0320 
0.0520 
0.0719 
0.0879 
0.0999 

0.0199 
0.0318 
0.0518 
0.0716 
0.0876 
0.0995 

NICOTINIC AND BENZDICACID IN METHANOL 

p/gcm·3 'II rriPa s 
Benzoic acid 

In 20 mass% of n-AmOH + MeOH 
0. 7906 0.648 I 01.50 
0.7912 0.650 99.46 
0.7922 0.656 97.10 
0.7932 0.661 95.06 
0.7941 0.665 93.60 
0.7946 0.668 92.79 

In 30 mass% of n-AmOH + MeOH · 
0.7931 0.734 103.65 
0.7938 0.738 100.59 
0.7947 0.743 97.13 
0.7957 0.749 94.19 
0.7968 0.755 91.73 
0.7971 0.759 90.57 

In 10 mass% ofi-AmOH + MeOH 
0.7891 0.577 95.84 
0.7897 0.579 94.86 
0.7907 0.583 93.57 
0.7917 0.587 92.55 
0.7926 0.590 91.67 
0.7932 0.593 91.14 

In 20 mass% ofi-AmOH + MeOH 
0.7910 0.650 104.64 
0.7914 0.652 102.54 

0.0199 
0.0318 
0.0516 
0.0716 
0.0874 
0.0994 

. 0.7924 0.657 99.67 . 

0.0199 
0.0319 
0.0517 
0.0716 
0.0875 
0.0994 

0.7933 0.662 97.32 
0.7941 0.666 95.69 
0.7945 0.670 94.75 

In 30 mass %of i-AmOH + MeOH 
0.7918 0.725 109.90 
0.7923 0.729 106.82 
0.7932 0.736 103.02 
0.7944 0.743 96.11 
0.7950 0.749 98.03 
0.7956 0.755 97.14 

RESULT AND DISCUSSION 

0.0329 
0.0433 
0.0747 
0.0923 
0.1043 
0.1137 

0.0193 
0.0458 
0.0659 
0.0866 
0.1060 
0.1167 

0.0370 
0.0488 
0.0689 
0.0846 
0.0942 
0.1049 

0.0219 
0.0346 
0.0611 
0.0807 
0.0940 
0.1077 

0.0492 
0.0700 
0.0977 
0.1194 
0.1362 
0.1542 
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For the analysis of the solvation. state ofNAand BA in mixed methanol sol
vents and the interactions existing between different components in the stodied 
solutions, the apparent molar volumes ( ¢v) were determined from the solution 
densities using the following equation:25,27 
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¢v=M 1000(p-p0) (2) 
Po poe 

where M is the molar mass of the solute, c is the concetration of the solution and 
p0 and p are the densities of the solvent and solution, respectively. The experi
mental ¢v values were fitted to Masson Equation:28 

t/Jv=~+~~ m 
where ~is the partial molar volume at infinite dilution and st is the experi
mental slope. The ~values were determiued by fitting the dilute data (c < 0.1) 
to Eq. (3) using the least-square fit. The values of ~ and st at the ·ex;erimental 
temperature are reported in Table III. The estimated uncertainties in <tty are equal 
to standard deviation, o; the root mean square of the deviations between the ex
perimental and calculated rfiv for each data point. Table III shows that the ~ va
lues are generally positive and increase with increasing amount of n-AMOHii-AmOH 
in the ternary solutions. This indicates the presence of strong solute-solvent in
teractions which are further strengthened at higher amounts of n-AMOHii-AmOH 
in the ternary s9lutions. Also, the ~values are comparatively more positive for 
the solutions containing BA than for those containing NA. This is a clear mani
festation that solute-solvent interactions are more prominent in BA solutions. 
The negative st values indicated that the investigated solutions are characterized 
by weak solute-solute interactions. 

TABLE m. Limiting partial molar volume CV!Pl and experimental slope est) for nicotinic 
acid and benzoic acid in methanol and different mixed methanol solvents with standard de
viations (a) at 298.15 K 

Solute Solvent V!P I em' mol·1 st I cm2 dm112 mol·312 (J" 

NA MeOH 92.81 -31.99 O.oJ 
10 mass% ofn-AmOH+MeOH 98.74 -36.46 O.oJ 
20 mass% of n-AmOH+MeOH 103.17 -73.07 O.oJ 
30 mass% ofn-AmOH+MeOH 116.75 -88.25 0.22 
10 mass% ofi-AmOH+MeOH 84.07 -5.35 0.02 
20 mass% ofi-AmOH+MeOH 108.99 -84.42 1.74 
30 mass% ofi-AmOH+MeOH 123.23 -175.74 0.45 

BA MeOH 89.11 -3.70 O.oJ 
10 mass% ofn-AmOH+MeOH 92.97 -45.35 1.21 
20 mass % ofn-AmOH+MeOH 108.55 -50.28 0.02 
30 mass %of n-AmOH+MeOH 114.16 -74.96 0.02 
10 mass% ofi-AmOH+MeOH 99.66 -26.87 O.oJ 
20 mass% ofi-AmOH+MeOH 112.73 -57.38 0.01 
30 mass% ofi-AmOH+MeOH 120.69 -79.33 0.02 

Partial molar volumes of transfer from methanol to different mixed methanol 
solvents, 11~ , were determined using the relation:29,30 
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!!.~ = ~(mixed methanol solvent)- ~(methanol) (4) 

The !!.~ value is, by definition, free from solute--solute interactions and 
therefore provides information regarding solute--co-solute interactions.29 Alco
hols are characterized by the presence of extensive intermolecular hydrogen bond
ing in the pure state,31 as well as in their mixtures. However, the strength of hy
drogen bonding depends on the position of the -OH group and molecular shape. 
Due to the branched structure of i-AmOH, intermolecular hydrogen bonding is 
less32,33 in i-AmOH + MeOH mixtures than in the n-AmOH + MeOH system. 
This fact may also be due to the order of the +!-effect: MeOH < n-AmOH < 
< i-AmOH and thereby decreasing the polarity of the alcoholic 0-H bonds. This 
decreased polarity of the alcoholic 0-H bonds decreases the degree of intermole
cular hydrogen bonding in the mixtures but increases the solvation of the studied 
solutes, predominantly by hydrophobic-hydrophobic group interactions.34 As can 
be seen from Table IV, the value of !!.~ is positive and increases monotonically 
with the amount of n-AmOHii-AmOH in the ternary mixtures, indicating increas
ed solute--solvents interactions in the mixed methanol solvents. Also, it is evident 
that this increasing trend is, on average, greater for the i-AmOH + methanol sys
tem than for the n-AmOH + methanol system This suggests that NA and BA are 
preferentially more solvated by n-AmOH/i-AmOH than by methanol and the 
branched structure of i-AmOH renders it a more efficient solvent for the studied 
solutes. Also, the !!.~ values are generally more positive for mixtures contain
ing BA, i.e., the solute--solvent interactions are comparatively more prominent 
for the BA mixtures than for the NA mixtures. This may be attributed to their 
structural difference and, inilsmuch as the local structure in solutions depends on 
the forces between molecules and on the form and volume of the molecules, it 
will change with the composition. The !!.~values are depicted graphically in 
Figs. I and2 as a function of mass% ofn-AmOH/i-AmOH in the solutions for 
the studied solutes at 298.15 K. 

A perusal of Table V shows that the values of the A coefficient are generally 
negative for all the investigated solutions at the experimental temperature. These 
results indicate the presence of weak solute--solute interactions and that these in
teractions further decrease with increasing mass % of n-AmOH/i-AmOH in the 
solutions. The viscosity B-coefficient36 reflects the effects of solute--solvent in
teractions on the solution viscosity. Table V illustrates that the values of the vis
cosity B-coefficient for selected solutes in the studied solvent systems are posi
tive, thereby suggesting the presence of strong solute--solvent interactions and
these interactions are further strengthened with increasing mass % of n-AmOH/i
-AmOH in the ternary solutions. 

The viscosity B-coefficients of transfer (M) from methanol to different mixed 
methanol solvents were determined using the relation:29,30 
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MJ = B(mixed methanol solvent)- B(methanol) (6) 

The l!..B values, shown in Table IV, and depicted graphically in Figs. 1 and 2 
as a function of mass% of n-AmOWi-AmOH in solutions at 298.15 K, support 
the results obtained from the !!.(!J. values discussed above. 

TABLE IV. Values of !!.1/!P and /IJJ of transfer from methanol to different mixed methanol 
solvents for NA and BA at 298.15 K. The viscosity data of the studied non-aqueous solutions 
ofNA and BA were analyzed using the Jones-Dole Equation:35 

(.!L-l)c-111 = (17, -l)c-111 =A+ Bc112 

1/o 
(5) 

where q,= qlqo; 1/o and 11 are the viscosities of the solvent and solution, respectively. A and B 
are constants estimated by the least-squares method and reported in Table V 

Solute Solvent 1!.1/!P I em' moi-l I!.B I em' moi-1 

NA 10mass%ofn-AmOH 5.93 0.052 
20 mass% of n-AmOH 10.36 0.127 
30 mass% of n-AmOH 23.94 0.270 
I 0 mass % of i-AmOH -8.74 0.152 
20 mass% ofi-AmOH 16.18 0.183 
30 mass% ofi-AmOH 30.42 0.721 

BA 10 mass% of n-AmOH 3.86 0.127 
20 mass% ofn-AmOH 19.44 0.202 
30 mass% ofn-AmOH 25.05 0.259 
10 mass% ofi-AmOH 10.55 0.106 
20 mass% ofi-AmOH 23.62 0.213 
30 mass % ofi-AmOH 31.58 0304 

TABLE V. Values of viscosity A and B coefficients with standard errors in parenthesis for NA · 
and BA in methanol and·ditrerent mixed methanol solvents at 298.15 K 

Solute Solvent A I cm'12 moi·I/1 
NA MeOH -0.022 (±0.007) 

10 mass% ofn-AmOH -0.005 (±0.011) 
20 mass % of n-AmOH -0.066 (±0.006) 
30 mass% ofn-AmOH -0.061 (±0.002) 
10 mass% ofi-AmOH -0.034 (±0.006) 
20 mass% ofi-AmOH -0.063 (±0.004) 
30 mass % ofi-AmOH -0.080 (±0.007) 

BA MeOH 0.040(±0.000) 
IO mass% of n-AmOH -0.008(±0.007) 
20 mass% ofn-AmOH -0.038(±0.00I) 
30 mass % of n-AmOH -0.055(±0.002) 
10 mass% ofi-AmOH -0.019(±0.00I) 
20 mass% ofi-AmOH -0.05I(±0.006) 
30 mass% ofi-AmOH -0.035(±0.0I2) 

Blcm3 moi-' 
0.502 (±0.031) 
0.554 (±0.030) 
0.629 (±0.022) 
0.772 (±0.007) 
0.654 (±0.010) 
0.685 (±0.015) 
1.223 (±O.OI8) 
0.28 I (±0.00 I) 
0.408 (±O.OI5) 
0.483 (±O.OI3) 
0.540 (±0.007) 
0.387 (±0.002) 
0.494 (±0.0 I7) . 
0.585 (±0.040) 
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Fig. I. Plots of partial molar volume of transfer, A(JP, and viscosity B-coefficient of transfer, 
MJ, from methanol to methanol+ n-AmOH (•)li-AmOH (o) solvents for nicotinic acid and 

benzoic acid at 298.15 K; Solid and dotted lines are for A(JP and MJ, respectively. 

Fig. 2. Plots of partial molar volume of transfer, A(JP, and viscosity B-coefficient of transfer, 
MJ, from methanol to different mixed methanol solvents for nicotinic acid (•) and benzoic 

acid (o) at 298.15 K; Solid and dotted lines are for A(JP for AB, respectively. 
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The viscosity data were also analyzed on the basis of the transition state 
theory of relative viscosity as suggested by Feakings et a/.31 using the following 
equation: 

-0 -0 
0,. 0,. RT(lOOOB+V 2 -V1} 

AfJi = AfJi + o 
VI 

(7) 

where AJ4." is the contribution per mole of the solute to the free energy of 
activation of viscous flow of the solutions. v~ and v~ are the partial molar vo
lumes of the solvent and solute, respectively. AJil" of the solutions was deter
mined from the above relation. The free energy of activation of viscous flow for 
the pure solvent/solvent mixture, ApP", is given by the relation:37,38 

-0 
o.. o.. 11oV1 Ap1 = AG1 = RTln (--) (8) 

hNA 

whereNA is the Avogadro constant, h the Planck constant, 110 the viscosity of the 
solvent, R the ~as constant and T the absolute temperature. The values of the 
parameters Ap1 "and AJ4." are given in Table VI. They show that ApP" is al
most constant at all the solvent compositions, implYing that AJ4." is dependent 
mainly on the viscosity B-coefficients and the V~-V~ terms. However, the 
AJ4." values were found to be positive at the experimental temperature and this 
suggests that the process of viscous flow becomes more difficult as the amount of 
n-AmOH/i-AmOH increases in the ternary solutions. Thus, the viscous behavior 
of the studied solutes reinforces the earlier contention that strong solute-solvent 
interaction exists· in the present systems. According to Feakings et a/.,31 Apr.J." > 
TABLE VI. Values of ~-VY, l!.p1"" and !!.p'J: forNA and BA in methanol and different 
mixed methanol solvents at 298.15 K 

NA MeOH 52.09 9.97 
10 mass% ofn-AmOH 55.33 10.23 
20 mass% ofn-AmOH 56.69 10.71 
30 mass %of n-AmOH 66.77 11.20 
I 0 mass % of i-AmOH 40.65 I 0.25 
20 mass % of i-AmOH 62.52 I 0. 72 
30 lnass % of i-AmOH 73.17 11.16 

BA MeOH 48.39 9.97 
10 mass %of n-AmOH 49.56 10.23 
20 mass % of n-AmOH 62.07 10.71 
30 mass % of n-AmOH 64.18 11.20 
10 mass % of i-AmOH 56.24 10.25 
20 mass % of i-AmOH 66.26 10.72 
30 mass% ofi-AmOH 70.63 11.16 

43.72 
45.02 
47.27 
52.80 
49.91 
50.59 
75.35 
30.02 
36.35 
39.77 
41.16 
35.55 
40.60 
43.58 
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> Ap?"' for solutes with positive viscosity B-coefficients indicates stronger solu
te-solvent interactions, thereby suggesting that the fonnation of the transition state 
is accompanied by the rupture and distortion of the intermolecular forces in the 
solvent structure.37 In the present study, the found relation 11fl2r# > Ap?"' sug
gests an increase in the bulk structure of methanol in the presence ofNA and BA 
due to the preferential solvation of the said solutes by n-AmOH/i-AmOH, 
releasing some methanol molecules to the bulk structure. In fact, Feakings et af31 

showed !1p~"' > Ap?"' for solutes that are structure promoters. 

CONCLUSION 

In summary, the /1~ and viscosity B-coefficient values. for nicotinic acid 
and benzoic acid indicate the presence of strong solute-solvent interactions and 
these interactions are further strengthened at higher amount of n-AmOH/i-AmOH 
in the ternary solutions. Also, they were found to act as methanol-structure pro
moters and their solvation behavior towards the ·mixed alcoholic solvents were 
more or less similar to in nature. 
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H3BO.Q 

H3Y'IABAILE HHTEPAKIUf.JA PACTBOPEHA CYCIIC1"~-PACTBAPAq Y 
PACTBOPHMA HHKOTIIHCKE H I>EH30EBE KHCEJIHHE Y METAHOJIY H 

I>HHAPHOJCMEUIHPACTBAPA~ 

MAHENDRA NATH ROY, LOVELY SARKARu BIPULKUMARSARKAR 

Department ofChemistry. University ofNorth Bengal, Darjeeling-734013,/ndia 

Ha OCHOBY 33BHCHOCTII cycrnne H BHCKOJHOClll O,llKOHileHTpanHje HHKOTIIHCKe (NA) H 6en-
30eBe (BA) IGicemme y 6HHapnoM paCTBapatJY, Kojn C<l,llpEI 10, 20 n 30 mass % n-aMHJI ammxona 
(n-AmOH) HJIH H30aMHJI amcoxona y Meranony (i-AmOH), Jl 'IHCTOM Meranony, na Te~mepazypn 
298,15 K, o.o.pe~ene cy Bpe.~n~ocrn npHBH.D;HHX MonapHHX JanpeMnna, tftv, n B Koe4>HUnjeJITa 
BHCK03HOC'Ill. 0BH pe:JYllT3.TII cy HCKOpmnheHH 33 O.o.peijHBaH.e napunja.JIHe MOnapne 33IIpeMHHe, 
A¢/J, n B Koe4>HUnjeHTa BHCK03nocrn, MJ, npenoca 33. NA n BA O.ZJ; Menmona Ka p33lllfliHTHM 
6HHapHHM MeTaHOJICKHM pacnapa'liHMa, .n:a 6n ce partHOHamt30BaJie p33JIHIIHTe HHTepaKitKje y 
-repmtiapHHM paCTBopnMa. YotJen je nopacr BeJDIIIHHa npenoca NA n BA ca nopacroM ca,np)IGlja 
n-AmOH HJIH i-AmOH y MeTaHony, Kojn je o6janm.en e4>eim1Ma ctpytcrypHHX npoMena H 
npe(lepellllHjaJIHe coJma:raunje. Tmmije, 113paqynare cy H Monapne npm.rene XeMHjcKor 
ncrreHilHjana 3a pacnapaq H paCTBopeny cyC'I1lHitY, llf.JJ.~ H lljJf:', pecnetcrHBno, H aBa.JIH3HpaHe 
y CKJI3JIY-C3 TeOpRjOM ttpeJI<l3ROr CTaHoa H penaTHBHOM BHCK03HOmby. 

{IIpHMJLeBO 22. HOBCM6pa 20070 peBlWfiHlBO 23. anpltlla 2008) 
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Ion-Solvent Interactions of Some Halides of Common Cations with Organic 
Solvent Mixtures by Conductometric, Volumetric, Viscometric, and 
Refractometric Techniques 

Mahendra Nath Roy,* Rajani Dewan, and Lovely Sarkar 

Department of Chemistry. University of North Bengal, Darjeeling 734013, India 

Electrolytic conductivities? densities, viscosities, and refractive indices of some lithium halides (LiCl, 
LiBr, and Lil) have been studied in mass fraction (0.10, 0.20, and 0.30) of ethylene glycol monomethyl 
ether+ methyl alcohol mixtures at 303.15 K. The limiting molar conductivities (All), association constants 
(KAJ, and the distance of closest approach of the ion (R) have been evaluated using the Fuoss conductance 
equation (1978). The Walden product is obtained and discussed. The limiting apparent molar volumes 
(¢'l;), experimental slopes (S~) derived from the Masson equation, and viscosity A and B coefficients 
using the Jones-Dole equation have been interpreted in terms of ion-ion and ion-solvent interactions, 
respectively. 

Introduction 

Conductivities of many electrolytes in various mixed solvent 
systems are of much interest to chemists. The dectri.cal conductivity 
of electrolytes in mixed solvent solutions mainly depends upon 
the concentration of the electrolyte and also upon the viscosity of 
the solvent The use of mixed solvents in high ene:gy batteries 
has also extended the horizon in the field of mixed solvent 
systems.1.2 lithium batteries are widely used in products such as 
portable conswner electronic devices. Hence, studying the behavior 
of Iithimn salts in different solvent systems wiii belp in the 
production of more useful and cost-effective batteries. 

Volumetric. viscometric, and refractometric studies also 
render an insight into lhe different molecular interactions 
prevailing in salt solutions containing mixed solvent systems 
and helps in the better understanding of the behavior of the salt 
with different solvents. StUdies on the apparent and paitial molar 
volumes of electrolytes and the dependence of viscosity on the 
concentration of solutes have been employed as a function of 
studying ion-ion and ion-solvent interactions? 

This work is concerned with the thennodynamic and transport 
properties of lithium halides, LiX (where X = Cl, Br, and I), in 
ethylene glycol monomethyl ether + methyl alcohol mixtures at 
303.15 K. 'lbennodynarnic pailiiildels are evaluated and discussed. 

Experimental Sedion 

Materials. Methyl alcohol, ethylene glycol monomethyl ether, 
and lithium salts (analytical reagent grade) were procured from 
Merck, India. and were purified by standard methods. 4 

Apparatus and Procedure. Binary solvent mixtures were 
prepared by mixing the required volume of ethylene glycol 
monometbyl ether and methyl alcohol using the appropriate 
conversion of the required mass of each liquid iitto voJwne at 
303.15 K using experimental densities. A stock solution for each 
salt was prepared by mass, and the working. solutions were 
obtained by mass dilution. The uncertainty of molarity of 
different salt solutions is evaluated to be ± 0.0001 mol·dm-3• 

• Corresponding author. Tel: +91 353 2n6381. Fax: +91 353 2699001. 
E-mail: mahendmoy2002@yahoo.co.in. 
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Table 1. Values of »emily (p), VISCOSity (q), and-Dielectric 
Constant (€) of Ethylene Glycol Moilomethyl Ether + Methyl 
Alcoholl\fu.tures at 303.15 K 

mass fraction (wt) p q 

(ethyleoe glycol monometbyl ether) g·cm-l mPa·s 
"WJ-0.00 0.782 0523 
111) =0.10 0.798 0.538 
WJ =0.20 0.817 05S7 
wl=030 0.833 o.sn 
WJ = 1.00 0.956 1.404 

' 
31.90 
3037 
28.84 
27.31 
16.59 

The values of relative pennittivity (E) of the solvent mixtures 
was assumed to be an average of those of the pure liquids and 
ca1cu1ated using the procedure as described by Rohdewa1d and 
Moldner • .s The physical properties of the binary solvent mixtures 
at different mass fractiom at 303.15 K are listed in Table 1. 

Densities were measured with an· Ostwald-Sprengel type 
pycnometer having a bulb volume of about 25 Cm3 and an 
internal diameter of the capillary of about .0.1 em. The 
pycnometer was calibrated at 303.15 K with doubly distilled 
water and benzene. The pycnometer with experimental liquid 
was equilibrated in a glass-walled thennostatted water bath 
maintained at ± 0.01 K of the desired. temperature. The 
pycnometer was then removed from the thermostat, properly 
dri~ and weighed in an electronic balance with a precision of 
± 0.01 mg. Adequate precautiom were taken-to avoid evapora
tion losses during the time of measurements. An average of 
triplicate m~ments was taken into account. The uncertainty 
of density values is within± 3•10-4 g·cm-3• 

Solvent viscosities were measured by means of a suspended 
Ubbelobdo-type viscometer, calibrated at 303.15 K with doubly 
distilled water and purified methanol using density and viscosity 
values from the literature.6-8 A thoroughly cleaned and perfectly 
dried viscometer filled. with experimental liquid was placed 
vertically in the glass-walled thermostat maintained to± 0.01 
K. After attainment ofthenoal equilibrium, efflux times of flow 
were recorded with a stopwatch correct to ± 0.1 s. At least 
three repetitions of each data reproducible to ± 0.1 s were taken 
to average the flow times. The uncertainty of viscosity values 
is ± 0.003 mPa ·s. The details of the methods and measurement 
techniques have been described elsewhere.9•

10 
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The conductance measurements were canied out in a systronic 
308 conductivity bridge (precision of± 0.01 %) using a dip
type immersion conductivity cell, CD-10, having a cell constant 
of approximately 0.1 ± 10 %. Measurements were made in a 
water bath maintained within T = (303.15 ± 0.01) K, and the 
cell was calibmted by the method proposed by Lind et al.11 

The conductance data were reported at a frequency of I kHz 
and were uncertain to± 03 %. 

Refractive indices, no. were measured with an Abbe refrac
tometer. The values of refractive index were obtained using 
sodium D light The tempemture was controlled to ± 0.01 K 
with circulating thennostat water to a jacketed sample vessel. 
Calibration was perfonned periodically using double-distilled 
water. The sample mixtures were directly injected into the prism 
assembly of the instrument using an airtight hypodennic syringe, 
and an average of four measurements was taken for each 
mixture. The uncertainty of the refractive index measurement 
was estimated to be± 0.0002 units. 

Results and Discussion 

The equivalent conductances, A, of electrolytes m~ured at the 
corresponding molar concentrations. c, are given in Table 2. The 
conductance data have been analyzed using the Fuoss conductance 
equation.12

•
13 For a given set of conductivity values (£1, A1,j = 1, 

.... n), three adjustable parameters, the limiting molar conductivity, 
AD, the association constant, KA. and the distance of closest 
approach of ions, R, are derived from the following set of equations. 

A= P[A0 (1 + Rxl + EJ (I) 

P = I - a(! - y) (2) 

Y = I - KAcy'f (3) 

-lnf= {JK/2(1 + KR) (4) 

{J = e2/(ek8 T) (5) 

KA = KR/(1 - a) = Kpf(l + KSJ (6) 

where the terms have their usual meaning. 
The computations were perfonned using a program suggested 

by Fuoss. The initial AD values for the iteration procedure were 
obtained from Shed1ovsky extrapolation of the data. Input for 
the program is the set (c1, A], j = 1, ...• n), "• e~ 7], T. initial 
values of AD, and an instruction to cover a preselected range of 
R values. 

In practice. calculations are perlbnned by finding the values of 
AD and a. which minimize the standard deviation: 

o' = L [A,{calcd) - A,{obsd)]2/(n - 2) (7) 

for a sequence of R values and then plotting d against R; the 
best-fit R corresponds to the minimum of the d-R versus R 
curve. So, approximate runs are made over a fairly wide range 
of R values using 0.1 increments to locate the minimum, but 
no significant minima were found in the d-R curves for all the 
salts studied here;-thus, R values are assumed to be R =a + d, 
where a is the sum of the crystallographic radii of the ions and 
d is the average distance corresponding to the side of a cell 
occupied by a solvent molecule. The distance dis given by 

d(A") = 1.183(M/p)1n (8) 

where M is the molar mass of the solvent and pis its density. 
For mixed solvents, M is replaced by the mole fraction average 
molar mass (M11) which is given by 

(9) 

where Wt is the mass fraction of the first compOnent of molar 
massM1• The values of AD, K~u and R obtained by this procedure 
are reported in Table 3. 

It has been earlier reported14 that the conductance of lithium 
halides in methyl alcohol follow the onler LiCI < LiBr < LiJ, and 
in ethylene glycol monomethyl ether the case is reversed. 15 In our 
paper, the values of A" (Table 3) of all lithium halides decrease"' 
the concentration of ethylene glycol monomethyl ether in the 
solvent mixture increases. Figure 1 shows the values of AD both 
in pure methyl alcOhol and solvent mixture. AD of lithium halides 
with common cations follows the sequence ct- > sr- > 1- in the 
solvent mixture and the reverse trend in pure methyl alcohol This 
can be explained in view of the dielectric constant of the solvent 
mixtures. The dielectric constant of the solvent mixture decreases 
with increasing concentrntion of the ethylene glycol monomethyl 
ether in the mixtures rendering to lesser solvation of a- than that 
of Br- and x-.· This can also be intetpreted on the basis of 

Table 2. Molar Conductance (A) and Molar Concentration or 
Various Lithium Halides in Ethytene Glycol Monomethyl Ether + 
Methyl Alcohol Mixtures at 303.15 K 

c·IO' A c·IO" A c•IO" A 

mo1·dm-3 S•cm1·mol-1 mol·dm 3 S·cml•mol-1 mol·dm-3 S·cml·mol-1 

liO liBr lil 
(w1 =0.00) 

9.7344 86.51 10.5625 99.16 10.4976 107.47 
24.800< 82.17 13.0321 98.35 128881 106.35 
30.6916 80.68 18.0625 96.78 17.9n6 IQ.t18 
35.7604 79.66 22.3729 95.60 22.4676 103.60 
40.3225 78.93 25.0000 94.80 25.3009 102.80 
44.2225 78.28 29.2681 93.64 29.3764 101.64 
47.7481 7753 32.1489 93.02 32.2624 101.02 
50.8369 77.00 34.6921 92.45 34.5744 100.45 
53.7289 76.40 40.9600 91.11 40.8321 099.11 

liO liBr lil 
(w1 = 0.10) 

127487 102.13 12.9870 83.93 11.5613 53.38 
17.6521 101.15 16.8349 82.40 16.0080 52.29 
21.8550- 100.16 20.1522 81.38 19.8194 51.47 
25.4975 99.33- 26.7378 79.66 23.1227 51.03 
28.6847 98.66 30.7586 79.33 26.0130 50.74 
31.4969 91.13 34.0134 78.50 28.5633 50.18 
38.2462 9652 40.8848 7753 32.8585 49.64 
41.7232 95.46 43.9881 77.00 36.3356 49.26 
45.8955 94.67 47.3848 76.40 42.6880 48.49 
50.1158 94.10 50.1769 75.73 46.2453 48.32 

liO liB' Lil 

(w1 =0.20) 
10.5624 99.41 10.6467 79.93 11.5600 44.67 
14.6248 98.46 12.2847 79.43 18.3095 43.25 
18.1069 9156 15.2096 78.40 20.5982 43.01 
21.1247 96.10 17.7445 77.64 22.6176 42.58 
26.0953 95.04 19.9626 76.80 24.4127 42.19 
29.1179 94.10 26.6167 75.52 26.0188 41.89 
35.2079 93.16 38.8461 12.85 27.4642 41.69 
375on 92.25 41.4038 72.46 29.9610 41.40 
43.8745 91.40 43.3754 72.16 33.8021 40.91 
50.5714 90.37 44.9158 71.69 35.9876 4050 

liO liBr Lil 

(w1 =030) 
9.3396 86.52 11.5580 72.11 10.4709 44.36 

13.3423 85.33 12.7374 71.60 15.1246 43.40 
155660 84.76 14.8603 70.66 18.6833 42.32 
18.3962 83.96 19.8137 69.36 21.4929 41.79 
23.9185 82.48 22.8341 68.76 24.7494 41.28 
21.63Tl 8136 27.0982 67.90 27.9223 40.82 
303128 80.7 29.9642 67.08 30.2492 40.66 
33.1624 80.Q3 . 323670 66.73 32.TJOO 40.28 
36.4348 79.60 34.5627 6655 34.8218 39.92 
37.4510 79.37 36.2480 66.18 37.2713 39.75 
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Table 3. Derived Conductivity Parameters for Lithium Salts in 
Ethylene Glycol Monomelhyl Ether (1) + Methyl Alcohol (l) 
Mhtnres at 303.15 K 

mass fraction (wa) (ethylene A" KA·104 

glycol monometbyl ether) S•cm2•mot-• dfnl•mol1 RJA" d 

LiCI 
Wt=O.OO 099.23 5.22 5.79 031 
Wt =0.10 115.54 3.90 6.89 0.40 
Wt=020 112.07 420 6.61 029 
Wt=030 098.26 4.81 6.04 0.25 

liBr 
w1=0.00 112.28 4.46 5.93 0.24 
wa =0.10 096.57 4.89 7.05 0.20 
w1 =0.20 092.89 5.67 6.75 0.17 
w1 =030 084.01 5.74 6.18 021 

Lil 
Wt=O.OO 120.23 4.03 6.15 021 
w. =0.10 061.55 5.22 727 0.09 
w.=020 056.18 7.46 6.97 0.12 
w.=0.30 053.92 8.05 6.40 0.11 

preferential solvation. Th~ halides prefer ethylene glycol mono--. 
methyl ether to methyl alcohol. As a result. the solvation in the 
case of ethylene glycol monomethyl ether is higher than that of 
methyl alcohol resulting in decreasing conductance with increasing 
mass percent of ether to the mixtures. 

The greater interaction between the charge on the ion and the 
dipoles of the adjacent solvent molecules leads to a reduction in 
mobility. The structure forming effect increases with decreasing 
dimension and consequently mobility in the revc:::n:e order. The trend 
in A 0 can be· discussed through another characteristic function 
called the Walden product, Nq, as shown in Figure 2. From Tables 
3 and 4, it is seen that both A0 and A0 TJ fm most cases) respectively 
decrease as the concentration of ethylene glycol monomelhyl ether 
increases. although the viscosity,q, of the solvent mixture increases 
with increasing concentration of ethylene glycol monometbyl ether 
which suggests the predominance of A 0 over 7J. Changes in the 
Walden product with concentration are common. and they can be 
attributed to changes in ion solvation, that is, ion-solvent 
interactions. 

The order of halide ion conductance in the solvent mixture is 
consistent with the measurement in pwe ethylene glycol mono
methyl ether,15 acetone.16 and glycerol17 reported earlier. 

There are marlred. characteristic behaviors in the KA values. 
However. KA of all sal~ increases with an increase in the 
concentration of ethylene glycol monomethyl ether in the mixture 
and also with the increase in the anionic size. Such behavior in 
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Figure 1. Piau of limiting molar oonducta:n<:a, N, of U halides in mctbyl 
a1c00ol ruxl in the sol\'ellt mixtures with different mass fractioos. WJ, of ethylene 
glycollllQnomelbyl ether at 303.15 K. 
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Figure 2. Plots of values of WaJden products, Nq, of U halides in IIICthyl 
a1oohol aiXI in the solvent mixture with differeot mass fr.:J.ctions, wa. of ethylene 
glycol monomethyl ether at 303.15 K. 

Table 4. Values of Walden Products {A0 q) of Lithium Salts in 
Ethylene Glycol Monomeihy1 Ether (1) + Melhyl Alcohol (2) 
Mixtures at 303.15 K 

Nq -l1.G"·104 

mass fraction (wt) (elhylene S·cm2·mo1 1•mPa•s kJ·moi1 

glycol monomethyl ether) LiCI liBr Lii LiCI UBr Lil 
w.-0.00 51.89 58.72 62.88 2.73 2.70 2.fil 
Wt =0.10 62.16 51.95 33.11 2.66 2.72 2.74 
W] = 0.20 62.42 51.74 31.29 2.68 2.76 2.83 
w1 =030 56.70 48.47 3l.lf 2.72 2.76 2.85 

the solvent mixture is observed in alcohols18 where"KA increases 
with the increasing size of the anion. 

The free energy change. lie? for association is calculated from 
the relation 19 

(II) 

and is reported in Table 4. 
The·measured values of densities and viscosities of lithium 

salts in the ·solvent mixture of ethylene glycol monoinethyl 
ether and methyl alcohol as a function of concentration at 
303.15 K are listed in Table 5. The densities and viscosities 
of lithium salts in solvent mixtures increase linearly at the 
experimental temperature (Figures 3 and 4). For the analysis 
of interaction of lithium halides in binary mixtures of ethylene 
glycol monomethyl ether and methyl alcohol, partial molar 
volumes are important. For this purpose, the apparent molar 
volumes <h (Table 5) were determined from the solution 
densities using the following equation10 

</>v = M/p0 - IOOO(p- pr)l(cpr) (10) 

where M is the molar mass of the solute, c is the moJarity of 
the solution, and p and po are the densities of the soJution and 
solvent, respectively. The limiting apparent molar volumes t/J0v 
were calculated using a least-squares treatment to the plots of 
rPv versus c112 using the following Masson equation20 

(11) 

where~ is the partial molar vo~ume at infinite dilution and 
S~ is the· experimental slope. The plots of <h against the 
square root of the molar concentration c112 were found to be 
linear with positive slopes. The values of tJfV and se are 
reported in Table 6. The variation of tJfV with the increase in 
the mass fraction of ethylene glycol monomethyl ether in 
the solvent mixture is shown in Figure 5. 
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Table S. Concentration. Density, V"ISCO:Sity, Apparent Molar Volume, ty, and (FJr - l)feL'l for Lithium Halides in Ethylene Glycol Monomethyl 
Etber (I) + Methyl Almhol (l) Mixtures at 303.15 K 

0.0121 
0.0242 
0.0403 

0.0121 
O.D242 
0.0403 

0.0121 
0.0242 
0.0403 

0.0114 
0.0229 
0.0400 

0.0114 
0.0229 
0.0400 

O.otl6 
0.0231 
0.0405 

0.0114 
0.0229 
0.0400 

O.Dl14 
0.0229 
0.0400 

0.0116 
0.0231 
0.0405 

p 

g·cm.-l 

0.799 
0.799 
0.799 

0.817 
0.818 
0.818 

0.833 
0.834 
0~34 

0.799 
0.800 
0.801 

0.818 
0.819 
0.820 

0.833 
0.835 
0.836 

0.800 
0.801 
0.803 

0.818 
0.820 
0.822 

0.834 
0.836 
0.838 

0538 
0.540 
0542 

0558 
0560 
0565 

0580 
0.585 
0593 

0539 
0541 
0543 

0.559 
0.561 
0.566 

0581 
05!17 
0.596 

0.540 
0.543 
0546 

0560 
0564 
0571 

0583 
0.591 
0.604 

18.220 
18.100 
17.990 

18.247 
18.129 
18.014 

18.272 
18.138 
18.020 

18.760 
18.487 
18.207 

18.830 
18.570 
18.300 

18.890 
18.620 
18.330 

22.670 
22.240 
21.650 

22.830 
22.330 
21.810 

23.090 
22.530 
21.950 

(q,- l)lc"' 

0.006 
0.025 
D.<>IO 

0.017 
0.010 
0.069 

0.056 
0.092 
0.137 

0.014 
0.032 
0.()19 

0.027 
0.052 
0.083 

0.073 
0.116 
0.168 

0.031 
0.053 
o.an 

0.045 
0.078 
0.122 

0.100 
0.163 
0.235 

ua 
w1 =0.10 

1.3337 0.0565 
1.3340 0.0726 
I .3344 O.o847 

UC1 

w1 =0.20 
1.3407 0.0564 
1.3412 0.0726 
1.3420 0.0847 

ua 
w1=0.JO 

1.3467 0.0565 
1.3473 0.0726 
1.3482 0.0847 

LiBr 

li'J =0.10 
1.3344 0.0572 
1.3348 0.0743 
1.3352 0.0858 

UBr 

W1 =0.20 
1.3418 0.0572 
1.3422 0.0743 
1.3430 0.0858 

LiBr 

WJ =0.30 
1.3478 O.Q579 
1.3483 0.0752 
1.3493 0.0867 

li1 

W1 =0.10 
1.3366 0.0512 
1.3370 0.0743 
1.3377 0.0858 

Ul 

WJ =0.20 
1.3441 0.0572 
1.3446 0.0743 
1.3453 0.0858 

Ul 

li'J =0.30 
1.3503 0.0579 
1.3510 O.G752 
1.3522 0.0867 

p 
g·cm.-l 

0.800 
0.800 
0.801 

0.819 
0.819 
0.819 

0.835 
0.835 
0.835 

0.802 
0.804 
0.804 

0.821 
0.822 
0.823 

0.837 
0.839 
0.839 

0.805 
0.807 
0.808 

0.824 
0.826 
0.827 

0.840 
0.842 
0.843 

• 
mPa·s 

0545 
0547 
0550 

0.569 
0573 
05TI 

0.602 
0.610 
0.618 

0546 
0.550 
0.552 

0.572 
05TI 
0.581 

0.606 
0.617 
0.624 

0.551 
0.555 
0.559 

0.577 
0.586 
0590 

0.618 
0.631 
0.641 

17.900 
17.830 
17.775 

17.924 
17.835 
17.790 

17.933 
17.851 
17.797 

17.990 
17.830 
17.747 

18.060 
17.860 
17.710 

18.100 
17.900 
17.800 

21.230 
20.900 
20.670 

21.310 
20.980 
20.760 

21.460 
21.100 
20.900 

(q,- l)lc"' 

0.053 
0.064 
0.073 

0.089 
0.107 
0.120 

0.180 
0.207 
0.236 

0.066 
0.080 
0.091 

OJ09 
0.133 
0.149 

0.213 
0.253 
0.279 

0.100 
0.119 
0.133 

0.152 
0.187 
0.204 

0.296 
0.340 
0.374 

no 

13348 
1.3352 
1.3356 

1.3427 
1.3432 
1.3437 

1.3491 
1.3499 
1.3.505 

1.3357 
1.3362 
1.3366 

1.3436 
1.3444 
1.3448 

1.3504 
1.3513 
1.3521 

1.3383 
1.3389 
1.3393 

1.3461 
1.3468 
1.3474 

1.3533 
1.3545 
1.3553 

~ values are generally positive and increase with the amount 
of ethylene glycol monomethyl ether in the mixiures. This indicates 

the presence of strong ion-solvent interactions. and these interne
lions increase with an increase in the amount of ethylene glycol 

0.845 

::: 1 aa:;:--o:·;;;-.. -..~·~:;~::-,.::~=.-~::--:o-!f::·~=-=··:::..::-=-::-:;,·:.~·::;:::_-:-::-:.·:~;..:· :.~· ·::::~::~:; 
~ -= 
0.825 
0.820 

0.815 
0.810 .... .... 
0.195 

......... -----··-::::=:.::::: 
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1
•0.110 . 

0.111 .... 
Figure 3. Density, p. ofl..iO (solid line), UBr (dashed line), and l.il (dotted 
line) at different oooceDttalion of salts in the solvent mixtwe with various 
mass fractions, w~o of ethylene glycol monomcthyl ether. 

053+-------~------~----~------~--~ 

"'' "" , ... ·~7 QJI9 

Figure 4. VISCOsity, 'I• of at different concentration of salts in the solvent 
mixture with 0.10 (+), 0,20 (II), and 0.30 (.lo.) mass fractions of ethylene 
glycol monomethyl ether. 



Table 6. Limiting Partial Molar Volume (~) and Experimental 
Slope (S';) for Lithium Halides in Ethylene Glycol Monomethyl 
Ether (1) + Methyl Alcohol (2) Mixtures at 303.15 K 

solute 

LiQ 

UBr 

Lil 

mass frnctioo {w1) (ethylene 
glycol monomethyl ether) 

wa-0.10 
wa=0.20 
wt=030 
w, =0.10 
wt =0.20 
w1 =030 
wa =0.10 
WJ =0.20 
Wa =030 

18.48 
18.53 
18.55 
1932 
19.44 
19.52 
23.84 
24.02 
24.33 

2.44 
-2.54 
-2.60 
-5.47 
-5.76 
-5.87 
-10.84 
-11.19 
-11.79 

monomethyl ether in the mixed solvent under inv~tigation, 

suggesting a la.Iger electrostriction at higher amoun~ of ethylene 
glycol monomethyl ether m the mixtwe. 

The results can be justified in that r associates more than either 
cr or Br- with ethylene glycol monomethyl ether + methyl 
alcohol mixtures with an increasing amount of ethylene glycol. 
monomethyl ether in the mixtures. 1bis is in excellent agreement 
with the resui~ dmwn from the conductance data discussed earlier. 
Similar results were also observed in some 1:1 electrolytes in 
glycerol?1 

As a consequence, the st values (ion-ion intemctions) decrease 
as the size of the anion increases as well as wirh increasing amount 
of ethylene glycol monomethyl ether to the mixtures which may 
be attributed to the increase in the solvation of ions. 

The relative viscosities TJ1 are expressed by TJ1 ~ Tjl'l]o. where 1J 
and 'Ia signify the viscosities of the solution and solvent mixture. 
respectively. The values of(~, - 1)/c"' are listed in TableS. These 

24.5 

; 23.5 

Zl..S 

Lil 

~ ·2J.s 

s 23.5 
w 

19.5 •t;. 

~ 18.5 
LiBr 

11.5 
Olll> O.IE9 U130 O.ll!> D.239 0289 0.3: 

Figure 5. limitiDg app;uent molar volumes. t/f?t. of Li halides at different 
mass ftactions. Wa. of ethylene glycol monomethy1 ether. 

"' 031 

O.ll 

5 02) .. · 
-=- OJ' 

OJO 

'"' oro 
0.0 0.1 

............. ··· 
..... · 

., 

..• 
~·· 

0.3 

Figure 6. Plot of ('7r- 1)/c"Z versus cv.r: ofLiQ {solid line), LiBr (dashed 
line), and Lii {dotted line) at different concentration of salts in the solvent 
mixture with 0.10 (+), 0.20 (II), and 0.30 {A) mass fractions of ethylene 
glycol mooomethyl ether. 
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Table 7. Values or Viscosity A and B CodlicieniS for Lithium 
Halldes in Ethylene Glycol Monometbyl Ether (1) + Methyl Alcohol 
{2) Mhtores at 303.15 K 

mass fr.u:tion {wa) A B 

solute (ethylene glycol monomethyl ether) cml'l•moran cml·mol-1 

ua w, 0.10 -0.0331 0.3634 
w, =0.20 -0.0429 0.5536 
w1 =030 -0.0484 0.9452 

LiB< w1 =0.10 -D.D331 0.3634 
Wz =0.20 -o.0462 0.6572 
Wa =0.30 -D.D497 1.1088 

1.il w, =0.10 -0.0342 0.5615 
w, =0.20 -0.0501 0.8571 
wa=030 -{).0585 1.4637 

7Jr values have been utilized to calculate the viscosity B coefficient 
analyzed by the Jones-Dole equation22 

7]1 = 1 + Be + Ac112 

(7]
1

- 1)/cl/l =A + Bclll 

(12) 

(13) 

where the symbols have their usual meaning. The values of A 
and Bare obtained from the straight line by plotting (q,- 1)/ 
c;lll against en as depicted in Figure 6 and reported in Table 7. 
A perusal of Table 7 shows that the values of the A coefficient 
are generally negative for all of the solutions under investigation 
at all composition· ranges and indicate the presence of weak 
ion-ion interactions, and these interactions further decrease with 
an increasing amount of ethylene glycol monomethyl ether and 
size of halides in the mixtures. The viscosity B coeflicienfl 
reflects the effects of ion-solvent interactions on the solution 
viscosity. Table 7 illustrates that the values of the viscosity B 
coefficient for lithium halides in the studied solvent systems 
are positive, thereby Suggesting the presence of strong ion-solvent 
interactions, and these types of interactions are strengthened 
with the size of halides in the mixtures. 

The values of n0 are included in Table 5, and the plots of no 
versus concentration are found to increase linearly with an 
increasing amount of solute and also ethylene glycol mon~ 
methyl ether in all of the solvent mixtUres. As n0 is directly 
proportional to molecular polarizability, Figure 7 reveals that 
overall polarizabilty of all of the systems ·under study increases 
linearly with the increasC in concentration and size of lithium 
halides and also with the amount of ethylene glycol monomethyl 
ether in all the solvent mixtures. This is in good agreement with 
the results obtained from conductance, density. and viscosity 
parameters. 

1.355 

1.350 

1.345 

1.340 

1.335 

---· -----···-------·· ·----·-------· _ ... ----~-:::....· 
--------- • · w1= 0.30 , __ ... .... _____ ......................... . . --·--------- -----· -- ..... --------- --

·--... --- • w1= 0.2D .. ·----·-------.------_. ............ _. .. ~~= 
~- -. ---r----r---~ • 

w1• 0.10 

1.330 +---~--~---~--~-! 
0.00 o.oz 0.04 0.06 o.oa 

-·-~· .. 
Figure 7. Refractive index, no. ofLiCI (solid line), LiBr (dashed line), and 
Ill {dotted line) at a different concentration of salts in the solvent mixture 
with various mass fractions of ethylene glycol monomethyl ether. 



F Journal of Clr~ml<"al & E11~/llt't'Till~ Dmu. Vol. t.u. No. u , XXXX 

Conclusion The plausible diagram of solvatron of tons in the solvent 
mixtures s tudied here in view o f various derived parameters is 
given below· 

The cxtcnsi' e study of lithium halides in the binary mixture 
of eth) lene glycol monomethyl ether and methyl alcohol 

B • M~h) t Alcohol 

··~!'· • B B. 
• B e B . 

••• • B B • 

• B ar· B • 

• B B • 

•••• • B B B • 

• •• 0.00 

••• • B • 
A 

e Bar e 

• A B 

•• 
••• • •• ••• B A B • • B a e B e A • B A • A 

B B • ar· A. • A B • 
• A B . 

B 
A B B A B 

• • • • •••• 
••• •• • A B • 

• B A B . • B A B A 

B ar· B . · B -

• A • A B A 
A B 

A 
B B • • •• 

Soh atron of hahde\ m pure methyl alcohol i shown m the 

top row. and soh atron of those tons wuh increasing mass 

fraction o f ethylene glycol monomethyl ether in the binary 

mtxturco; io, sho"n 111 the column>. 

~uggcm the fact that the;,e electro!) tes remain large!) a-.soctated 

in the mtxturc. and conductance ' ·alues are consistent with the 

value'> of the salts in pure ethylene glycol monomcthyl ether 

1/>\ and \1\CO\Il) B coefficient 'alues for lithium hahdc'> 111 a 



binary mixture of ethylene glycol monomethyl ether and methyl 
alcohol indicate the presence of strong ion-solvent interactions. 
and these interactions are further strengthened at higher molarity 
and size of lithium halides in the solutions. Accordingly, 
refractive index values were also found to increase linearly with 
molecular polarizability. 

Note Added after ASAP PubUattion: This paper was published 
ASAP on October 28, 2009. Diagram 1 was updated. The revised 
paper was reposted on November 18, 2009. 
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Density, Viscosity, Refractive Index, and Ultrasonic Speed of Binary Mixtures of 
1,3-Dioxolane with 2-Methoxyethanol, 2-Ethoxyethanol, 2-Butoxyethanol, 
2-Propylamine, and Cyclohexylamine 

Lovely Sarkar and Mahendra Nalh Roy* 

Departtnent of Chemistry. University of North Bengal, Darjeeling 734013, India 

The excess molar volumes (~) and viscosity deviations (A.q) have been calculated from experimental density 
(p) and viscosity (~) data of the binary mixtures of 1,3-dioxolane (DO) with 2-methoxyethanol (ME), 
2-ethoxyethanol (EE), 2-butoxyethanol (BE), 2-propylamine (PA), and cyclohexylamine (CA) measured 
over the entire range of composition at 298.15 K. Moreover, deviations in isentropic compressibility (Ms) 
and molar refraction (M) have been calculated from ultrasonic speed of sounds (u) and refractive indices 
(n0 ) of the mixtures, respectively. The excess or deviation properties were fitted to the Redlich-Kister 
polynomial equation to derive the adjustable parameters (Aa) and corresponding standard deviations (a). 

Introduction 

The mixture thennodynamic pi"operties derived from a 
measurement of density, viscosity, ultrasonic speed of sound, 
and refractive index are useful to design engineering processes. 
The mixing of different solvents gives rise to solutions that 
generally behave differently: This deviation is expressed by 
many thermodynamic variables, particularly by excess proper
ties. Excess thermodynamic properties of solvent mixtures, thus, 
are useful in the study of molecular interactions and arrange
ments. This wotk is a part of our program to provide data for 
the characterization of the molecular interactions between 
solvents in binary systems.1.2 The study of. binary mixtures of 
1.3--dioxolane (DO (1)) with other solvents is of great interest 
because of its wide use as an important industrial solvent and 
is miscible with water. On the other hand, aJ1soxyethanols are 
of considerable interest for studying the heteroproximity effects 
of the etberic oxygen on the -0-H bond. 2-Propylamine (P A 
(5)) and cyclohexylamine (CA (6)) are important in character
izing the associated nature of the liquids in mixtures because 
of the presence of both a proton donor and a proton acceptor, 
and they fonn water insoluble compounds of medical impor
tance.3 

In the present wmk, solutions of2-methoxyethanol (ME (2)), 
2-ethoxyethanol (BE (3)), 2-butoxyethanol (BE (4)), PA (5), 
and CA (6) with DO (I) have been investigated. Such oxygen
containing cyclic ethers, i.e., DO (1), can interact through 
H-honding with the hydmxyl ( -OH) groups of the alcohols 
and amine ( -NHV groups of amines. The experimental data 
are used to calculate excess molar volumes (yE}, viscosity 
deviations (&]).deviations in isentropic compres51"bility (&Ks). 
and molar refraction (&R) of the mixtures. 

The excess or deviation properties have been fitted to the 
Redlich-Kister polynomial equation to obtain their coefficients 
and standard deviations. 

•corresponding author. Tel.: +91353 2776381. Fax: +91 353 2699001. 
E-mail: maheodmroy2002@yahoo.co.in. 

Figure t. Excess molar volumes, VU·tll'Vml·mol-1, far binary mixtures af 
1,3-dioxolanc (I) with: t, 2-methoxyethanal (2); .. 2-etboxyethanol (3); 
A. 2-butoxyedmnol (4); x, 2-propylamioe (S); and 0, cyclohexylamine (6) 
as a function of mole fraction of 1,3-dioxolanc (1) at 298.15 K. 

il: 
'-(L4' 

:O~i~( g 

~~·~~~-===~~~~~~--~~~ 
• 

Figure 2 VISCOSity deviations, AJ]/mPa•s. for binary mixtures of 1,3-
dioxolane (I) with: t, 2-methoxyethanol (2); •. 2~thoxyethauol (3); A. 
2-butoxyethanol (4); x, 2-propylamine (S); and 0, cyclohexylaminc (6) as 
a function of mole fraction of 1,3-dioxolanc (1) at 298.15 K. 

Experimental Section 

Moterials. ME (2), BE (3), and BE (4) were purchased from 
S. D. Fme Chemicals, AR, India, and purified by standard 
methods.4 PA (5) and CA (6) were procured from Men:k, India, 
and were used as purchased. DO was purehased from Aldrich 
and used without further ~urification. The pure chemicaJs were 
stored over activated 4 A molecular sie:ves to reduce water 
content before use. The mole percent purities for the liquids 
used as checked by GC (HP6890) using an FID detector were 
better than 99.8. Thus, the chemicals after purification were 99.8 

10.1021/je900240s CCC: $40.75 © 2009 American Chemical Society 
Published on Web 07/09fl009 
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Figure 3. Deviations in isentropic compressibility,Ms •1012/Pa-1, for binary 
mixtures of 1,3-dioxolane (I) with: t, 2-methoxyethanol (2); •. 2-ethoxy
ethanol (3); .t., 2-butoxyethanol (4); x, 2-propylamine (5); and D, 
cyclobexylamine (6) as a function of mole fraction of 1,3-d.ioxolane (1) at 
298.15 K. 

Figure 4~ Deviations in molar refraction, llR•10"/m'•mor1, for binary 
mixtures of 1.3-dioxolane (I) with: +, 2-melhoxyethanol{2); •. 2-elhoxy
ethanol (3); .t., 2-butoxyelhanol (4); x, 2-propylamine (5); and D, 
cyclobexylamine (6) as a function of mole fraclion of 1.3-dioxolilDC (1) at 
298.15 K.. 

% pure, and their purity was ascertained by comparing 
experimental values of densities and viscosities with those 
reported in the litera~- IS as presented in Table L 

Apparatus and Procedures. Densities were measured with
an Ostwald-8prengel-type pycnometer having a bulb volume 
of about 25 cnr and an internal diameter of the capillary of 
about 0.1 em. The pycnometer was calibrated at 298.15 K with 
doubly distilled water. The pycnometer with experimental liquid 
was equilibrated in a glass-walled thermostatted water bath 
maintained at ± 0.01 K of the desired temperature. The 
pycnometer was then removed from the thermostat. properly 
dried, and weighed in an electronic balance with a precision of 
± 0.01 mg. Adequate preCautions were taken to avOid evapora
tion losses during the time of measurements. An average of 
triplicate measurement was taken into account The uncertainty 
of density values is within± 3·10-4 g·cm-3• The details of 
the methods and measurement techniques had been described 
earlier.16 

Solvent viscosities were measured by means of a suspended 
Ubbelohde-type viscometer, calibrated at 298.15 K with doubly 
distilled water and purified methanol using density and viscosity 

values from the litemture.17
•
18 A thoroughly cleaned and 

pecfectly dried viscometer fi.Ued with experimental liquid was 
placed vertically in the glass-walled thermostat maintained to 
± 0.01 K. After attainment of thennal equilibrium, efflux times 
of flow were recorded with a stopwatch correct to± 0.1 s. At 
least three repetitions of each data reproducible to ± 0.1 s were 
taken to average the flow times. The uncertainty of viscosity 
values is ± 0.003 mPa • s. The details of the methods and 
measurement techniques had been described earlier.19 

Ultrasonic speeds of sound were determined by a multifre
quency ultrasonic interferometer (Mittal Enterprise. New Delhi) 
working at I MHz, calibrated with water, methanol, and benzene 
at 298.15 K. The precision of ultrasonic speed measurements 
was ± 0.2 m • s-1• The temperature stabi1ity was maintained 
within± 0.01 K by circulating thermostatted water around the 
cell with a circulating pump. The details of the methods and 
techniques have been des~ribed elsewhere.20 

Refractive indices (n0 ) were measured with a Abbe refrac
tometer. The values of refractive index were obtained using 
sodium D lighL The temperature was controlled to ± 0.01 K 
with circulating thennostat water to a jacketed sample vessel. 
Calibration was perfonned periodically using double-distilled 
water. The sample mixtures were direcdy injected into the prism 
assemblY of the instrument using an airtight hypodennic syringe, 
and an average of four measurements was taken for each 
mixture. The uncertainty of the refractive index measurement 
was estimated to be ± 0.0002 units. 

Results and Discussion 

The experimental densities p, viscosities 7J, excess molar 
volumes vE. and viscosity deviations 1!71 for the binary mixtures 
of DO (1)5

-
7 with ME (2),8-12 EE (3),9•

13
·" BE (4),9·"·

15 PA 
(5),9 and CA (6)9 along with the coreresponding mole fractions 
of DO (1). XI. at 298.15 K are given in Table 2. The excess 
molar volume yE was calculated using the equation21.22 

. 2 

yE = 'i,x,M,{llp- llp1) (I) 
i=l 

where p is the density of the mixture and Mt. Xt, and p1, are the 
molecular weight. mole fraction, and density of the ith com
ponent in the mixture, respectively. 

The excess molar volume for the five binary systems has been 
depicted in Figure I as·a function of mole fraction of DO (I) 
at 298.15 K. It is seen that the values of V" (see Table 2) for all 
the experimental binary mixtUres are positive except PA (5). 
and the largest values of Vii were in the mole fraction range x1 

= 0.45 to 0.6. The positive values of v£ for the five binary 
systems decrease in the following order: 

Table 1. Comparison of Density p, VIscosity q, Speed of Sound u, and Refrndlve Indo: n0 wllh Uteralure Data at 298.15 K 

p·IO-,Jk:g·m-3 qlmPa•s ufm·s-1 

"" pure solvent oxpt lit oxpt lit expt lit expt lit 
1.3-dioxolane 1.0572 1.05862' 0.588 0.5927 1338.2 1338.85 13980 139837 

2-methoxyetbanol 0.9603 0.96002' 1.562 1.540' 1340.2 1340.29 1.4002 1.400211 
0.96039 1.541412 1341.910 

2-elhoxyetbanol 0.9256 0.9250' 1.850 1.85ff•U 1302..8 1302.8' 1.4051 
0.925613 1302.51 14 

2-butoxyetbanol 0.8966 0.8%5' 2.795 2.7929 1303.4 1303.29 1.4176 
0.8966u 2.7951

' 1305.8414 

2-propylamine 0.6815 0.681~ 0.218 0.2789 1075.6 1075.6" 13759 
cyclobexylamine 0.8668 0.86689 1.753 1.7539 1416.4 1416.49 1.4565 
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DO(!)+ CA(6) > 00(1) + BE(4) >DO(!)+ Table 3. Values or Speeds or Sound u, Isentropic Compressilli1ty 

EE(3) > 00(1) + ME(2) > 00(1) + PA(5) Ks. and Deviations In Isentropic Compressibilty 4K.s, at 298.15 K 

A perusal of Table 2 shows that the values of V" generally u Ks•lot1 Ms•lot1 

increase as the Chain length of the alkyl group of the alkoxy- x, m·s-1 Pa-1 .. -• 
ethanol increases. This indicates dominance of disruption forces DO(l)+ME(2) 
for the binary systems containing alkoxyethanols in DO (1). 0.0000 1340.2 579.95 0.00 

As the +I effect of the alkyl group increases, the disruption 0.1024 1339.9 574.76 0.02 
0.2043 1339.6 569.78 0.04 
03057 1339.3 564.90 0.08 

Table 2. Values of Density p, VIscosity q, Excess Molar Volume J'E, 0.4065 1339.0 560.05 0.12 
and Viscosity Deviation for the Binary Mixtures or DO (1) at 05067 1338.8 555.03 0.13 
298.15 K 0.6064 1338.7 549.64 0.11 

p·IO-l >"·Ill' "" 
0.7056 1338.6 544.21 0.08 

" 0.8043 13385 538.77 o.os 
x, kg·m-l mPa•s m'·mo1-1 mPa·s 0.9024 13383 53352 0.03 

DO (I)+ ME (2) 
1.0000 1338.2 52820 0.00 

0.0000 0.9600 1562 0.0000 0.000 DO (l)+EE(3) 
0.1024 0.9691 1.345 0.0064 -D.l18 0.0000 1302.8 636.95 0.00 
0.2043 0.9780 1.171 0.0181 -0.193 0.1191 1306.6 625.34 0.13 
0.3057 0.9869 1.032 0.0429 -0.233 0.2332 1310.3 614.14 0.26 
0.4065 0.9959 0.920 0.0720 -D.247 0.3427 1313.9 603.21 D.35 
0.5067 1.()()52 0.829 0.0906 -0.239 0.4478 1317.6 59230 0.41 
0.6064 1.0152 0.756 0.0712 -Q215 05488 13213 581.28 0.40 
0.7056 1.0255 0.698 0.0451 -o.tn 0.6460 1325.0 570.11 0.34 
0.8043 1.0360 0.652 0.0201 -0.121 0.7395 13285 559.22 0.27 
0.9024 1.0465 0.616 0.0094 -0.068 0.8295 1331.9 548.62 0.19 
1.0000 1.0512 0588 _O.(XX)() 0.000 0.9163 1335.1 53830 0.10 

DO (I)+ EE (3) 
1.0000 13382 528.20 0.00 

0.0000 0.9250 1.850 0.0000 0.000 DO (I)+ BE (4) 
0.1191 0.9367 !.60S 0.0016 -o.095 0.0000 1303.4 65652 0.00 
0.2332 0.9484 1.379 0.0313 -0.177 0.1506 1307.6 642.77 056 
0.3427 0.9603 1.181 0.0691 -0.230 0.2851 1311.7 62935 0.94 
0.4478 0.9725 1.030 0.1052 -0.255 0.4061 13155 616.44 1.20 
0.5488 0.9854 0.912 0.1075 -0.245 05154 1319.2 60353 1.31 
0.6460 0.9991 0.814 0.0744 -0.221 0.6147 1322.9 590.24 1.26 
0.7395 1.0132 0.737 o.ono -o.l80 0.7053 13263 577.26 1.12 
0.8295 1.0215 0.671 0.0230 -0.133 0.7882 13295 56456 0.92 
0.9163 1.0422 0.613 0.00'71 -0.081 0.8645 13325 552.05 0.65 
1.0000 1.0572 0.588 0.0000 0.000 0.9349 13355 539.89 0.33 

DO (I)+ BE (4) 
1.0000 1338.2 528.20 0.00 

0.0000 0.8966 2.795 0.0000 0.000 DO (I)+ PA (5) 
0.1506 0.9099 2.200 0.0719 -0.263 0.0000 1075.6 126833 0.00 
0.2851 0.9235 1.773 0.1475 -0393 0.0814 1097.3 117321 -3.49 
0.4061 0.937~ 1.465 0.2295 -0.434 0.1663 1120.0 1082.70 -6.25 
05154 0.9521 1.229 0.2633 -0.429 0.2548 1143.6 997.17 -8.26 
0.6147 0.9681 1.053 02134 -o386 o.34n 1168.1 916.23 -9.51 
0.7053 0.9848 0.916 0.1544 -0.323 0.4438 1193.6 840.21 -9.96 
0.7882 1.0021 0.801 0.0977 -0.254 05448 1220.2 768.73 -9.63 
0.8645 1.0202 0.712 0.0332 -0.176 0.6506 1247.9 702.19 -8.46 
0.9349 1.0385 0.642 0.0072 ..;.0.090 0.7614 1276.7 640.14 -6.46 
1.0000 1.0572 0.588 0.0000 0.000 0.8178 1306.8 582.08 -3.65 

DO (I)+ PA (5) 
1.0000 13383 528.12 0.00 

0.0000 0.6815 0.278 0.0000 0.000 DO (I)+ CA (6) 
0.0814 0.7fJ19 0.303 -o.1569 -D.OOI 0.0000 1416.4 515.05 0.00 
0.1663 0.7363 D.324 -o3032 -o.oos 0.1295 1403.3 576.33 0.73 
0.2548 0.7668 0.346 -D.4284 -O.Oil 0.2508 1391.8 576.09 1.28 
o.34n 0.7999 o.3n -05551 -o.Ol4 0.3646 13815 574.45 1.65 
0.4438 0.8354 0398 -o.6308 -o.ot8 0.4716 1372.7 571.14 1.82 
0.5448 0.8737 0.429 -o.6676 -0.018 05724 13653 566.01 1.78 
0.6506 0.9145 0.463 -0.6016 -o.OI7 0.6676 1358.7 559.89 1.61 
0.7614 D.9584 0500 -o.4791 -o.OI4 0.7575 1352.9 552.76 1.32 
0.8178 1.0060 0543 -0.2884 -0.007 0.8421 1347.7 544.85 0.93 
1.0000 1.0572 0588 0.0000 0.000 0.9234 1342.7 536.80 050 

DO(l)+CA(6) 1.0000 1338.2 528.20 0.00 

0.0000 0.8668 1.753 0.0000 0.000 
0.1295 0.8811 1517 0.1971 -0.085 forces become more effective in characterizing these binary 0.2508 0.8961 1.331 0.3565 -o.130 
0.3646 0.9121 1.174 0.4535 -0.155 systems. This may be due the increased +I effect and size of 
0.4716 0.9292 1.044 0.4920 -0.160 the alkyl group. thereby decreasing the ether-ether interactions 
05724 D.9478 0.935 0.4483 -o.152 in DO (1). A similar result was also reported by us earlier.9 On 
0.6676 0.9675 0.843 03185 -o.132 the contrary. the amine systems behaved rather in an opposite 
0.7575 0.9884 0.763 0.2811 -0.107 
0.8427 1.0105 0.696 0.1695 -0.076 manner. while the liE values were negativeforthePA (5) system 
0.9234 1.0333 0.634 0.0843 -0.043 and those for CA (6) were positive. This implies dominance of 
1.0000 1.0572 0.588 0.0000 0.000 specific interaction21 for the component molecules of DO (1) 
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Table 4. Values or Experimental Refradlve Inda n~ Experimental 
Molar Refractivity ~lap by the Lorentz-Lorenz Eqnatloa (Equation 
5), and Deviatloa In Mobr Relrnd..lvity AR at 298.15 K 

11..,·117' Al!-117' 

.r1 no mJ·mol-1 ml•mol-1 

DO(I)+ME(2) · 
0.0000 1.4002 19.2257 0.0000 
0.1024 1.4000 18.9850 -0.0038 
0.2043 1.3998 18.7529 -0.0001 
0.3057 13996 18.5253 0.0069 
0.4065 1.3995 18.3043 0.0191 
0.5067 13993 18.0782 0.0249 
0.6064 1.3990 17.8402 0.0176 
0.7056 1.3988 17.6060 0.0128 
0.8043 1.3985 17.3694 0.0047 
0.9024 13983 17.1418 0.0040 
1.0000 13980 16.9120 0.0000 

.DO (I)+EE(3) 
0.0000 1.4051 23.8844 0.0000 
0.1191 1.4047 23.(1659 0.0120 
0.2332 1.4041 22.2795 0.0211 
0.3427 1.4034 21.5231 0.0282 
0.4478 1.4027 20.7978 0.0356 
0.5488 1.4019 20.0893 0.0314 
0.6460 1.4012 19.4040 0.0238 
0.7395 1.4004 18.7411 0.0128 
0.8295 13995 18.1034 0.0026 
0.9163 13988 17.4974 0.0018 
1.0000 1.3980 16.9120 0.0000 

DO (I)+ BE (4) 
0.0000 1.4176 33.1887 0.0000 
0.1506 1.4158 30.7489 O.otl5 
0.2851 1.4145 28.6062 0.0580 
0.4061 1.4129 26.6672 0.0885 
0.5154 1.4112 24.9029 0.1032 
0.6147 1.4092 23.2676 0.0842 
0.7053 1.4071 21.77CJ1 0.0619 
0.7882 1.4050 20.4033 0.0439 
0.8645 1.4028 19.1407 0.0232 
0.9349 1.4006 17.9870 0.0154 
1.0000 13980 16.9120 0.0000 

DO (I)+ PA (5) 
0.0000 1.3759 19.8976 0.0000 
0.0814 1.3789 19.6895 0.0350 
0.1663 13823 19.4833 0.0822 
02548 1.3859 19.2707 0.1339 
0.3472 1.3895 19.0357 0.1748 
0.4438 13928 18.7767 0.2041 
0.5448 1.3952 18.4658 0.1948 
0.6506 1.3965 18.1099 0.1548 
0.7614 13971 17.7204 0.0961 
0.8778 1.3975 17.3146 0.0377 
1.0000 1.3980 16.9120 0.0000 

DO (I)+ CA (6) 
0.0000 1.4565 31.1328 0.0000 
0.1295 1.4522 29.3826 0.0913 
02508 1.4479 27.7434 0.1771 
03646 1.4435 26.1933 0.2454 
0.4716 1.4381 24.6802 0.2539 
0.5724 1.4321 23.2144 0.2216 
0.6676 1.4258 21.8193 0.1803 
0.7575 1.4194 20.4996 0.1390 
0.8427 1.4125 19.2341 0.0852 
0.9234 1.4052 18.0356 0.0343 
1.0000 13980 16.9120 0.0000 

and PA (5) most probably through H-bonding between the 
ethereal oxygen of DO (I) and hydrogen of the amine group of 
PA (5). However, large positive vaJues for theCA (6) system 
may be attributed to the presence of the bulky cycJohexyl ring 
in its molecule. 

The deviations in viscosities 6q were calculated as22 

2 

l!.q = q - L (x1q1) (2) 
i=l 

where 1f is the dynamic viscosity of the mixture and x1 and "' 
are the mole fraction and viscosity of the ith component in the 
mixture, respectively. 

As far as 61J values were concerned, the studied binary 
mixtures exhibit negative values over the entire range of 
composition at 298.15 K as depicted in Figure 2 as a function 
of mole fraction of DO (1). The alkoxyetbanol systems are 
characterized by negative 6q vaJues in the order: 

DO(I) + ME(2) <DO(I) + EE(3) <00(1) + BE(4) 

and for the amine systems, the order of negative 61J values is 
as follows 

DO (I) + PA (5) <DO (I) + CA (6) 

Generally it is mentioned in some works23- 26 that where vE 
values are positive for a system the 6q values are negative, 
and vice versa. though there may be discrepancies of such sign 
reversal for \IE and Aq values. Our systems follow this sign 
reve:sal.926 In fact, some authors27.28 have pointed out that when 
one of the compounds of a binary mixture is strongly associated 
the deviations of viscosity are usnally negative. Also, the 
negative vE values indicate specific interaction and its positive 
value dominance of disruption forces. In addition. positive a, 
values indicate specific intemction. and its negative values 
indicate dominance of disruption forces. Thus, the order of Aq 
values (Figure 2) supports our earlier results obtained from vE 
values. Table 3 gives the experimental ultrasonic speed of 
sounds u, isentropic compressibility Ks, and deviation in 
isentropic compressibility for the binary mixtures of DO (I) 
with ME (2), EE (3), BE (4), PA (5), and·CA (6) along with 
the coreresponding_ mole fractions of DO (1), x1• 

Isentropic compressibilities, Ks. and the deviations in isen
tropic compressibilities, AKs. were calculated from the experi
mental densities, p, and speeds of sound, u, using the following 
equati~31 

TableS. Redlich-Kister Coefficients A.a and Standard Deviations a 
for the Binary Mixtures 

ox=spropeny ... A, A, q 

DO (I) + ME (2) 
VS·t()"i/ml•mol-1 0319 0.025 -0.491 0.008 
Al']lmPa•s -1.964 0.310 -0.109 0.001 
Ms·I0'2JPa-l 0504 -0.031 -0.396 0.009 
M•J()"i/rrt•mol-1 0.084 0.034 -0.173 0.003 

DO (I) + EE (3) 
Vl·1(1i/mJ·mo1-l 0.404 0.033 -0.666 0,009 
6>)/ml'a•s -1.000 0.130 0.272 0.006 
IlKs~ l0'2JPa-' 1.635 -o.172 -1.005 0.005 
M•J()"i/ml•mol-1 0.131 -o.OS9 -0.136 0.002 

DO (I) + BE (4) 
V"· U:flml·mor' 0.992 -o.063 -1.172 QOII 
dJ1/mPa·s -1.722 0.443 0.009 0.003 
AK's• JOI2JPa-l 5.161 . 0.874 -0535 0.011 
AR•IIJ'hrt•mol-1 0.410 -0.005 -0.600 0.009 

DO (I) + PA (5) 
Vl•I()"i/ml•mol-1 -2.610 -o.378 0.446 0.009 
.AI']/mPa•s -O.CJ14 -o.022 0.044 0.001 
Ms•JO'lJPa-t -39.490 7.842 -0.178 0.007 
AR•IOSJml•mol-1 0.799 -o.t43 -0.664 0.003 

DO (I) + CA (6) 
Vi•1l1/m1•mol-1 1.934 -D350 -0.993 0.006 
6>)/ml'a•s -o.632 0.114 -o.052 0.002 
.c1.Ks•I0'2JPa-l 7.299 0.289 -1.765 O.DI5 
AR•1(1i/ml•mo1-1 0.920 -0.187 -0.574 0.011 
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K, = llu2p 
2 

M 5 = K,- L(x/(5) 
i=l 

(3) 

(4) 

where u is the speed of sound of the mixture and x1 and K5,1 are 
the mole fraction and isentropic compressibility of the ith 
component in the mixture, respeCtively. 

The variations of the deviation in isentropic compressibilty, 
AKs, againSt mole fraction of DO (1), X1, are represented in 
Figure 3. The values are positive for all the investigated binary 
systems except the DO (1) + PA (5) system over the en!ife 
range of mole fraction. The largest negative values are observed 
for the system DO (I) + PA (5), while for the system DO (I) 
+ ME (2) the AKs values are close to zero. The algebraic values 
of Ms of binary mixtures fall in the order: 

00 (I) + CA (6) >DO (I) + BE (4) > DO (I) + 
EE (3) >DO (I) + ME (2) > DO (I) + PA (5) 

Table 4 represents the experimental refmctive index, molar 
refractivity by the Lorentz-Lorenz equation, and deviation in 
molar refractivity at 298.15 K. The molar refractivity, R, was 
calculated using the Lorentz-Lorenz equation32 

(5) 

where n0 and V are the refractive indices and the molar volume, 
respectively; and M is the molar refraction changes of mixing, 
which were obtained from 

2 

/';R = R - L (x;R;) (6) 
i=l 

where R is the molar refraction of the mixture and .r, and R1 are 
the mole fraction and molar refraction of the ith component in 
the mixture, respectively. The dependence of molar refraction · 
(M) on mole fraction (x.J ofDO (I) at 298.15 K is depicted in 
Figure 4. It is obserVed that for all the mixtures M is positive · 
for the entire range of composition; however, in the case of the 
DO (1) + PA (5) system, the flR values are negative up to x; 
= 0.2, but beyond that, flR becomes positive. Such values may 
be due to the electronic pertUibatiOn of the individual· molecules 
during mixing and· therefore depend very much on the narure 
of the mixing components. The positive !J.R values vary in the 
order: 

00(1) + CA(6) >DO(l) + PA(5) > 00(1) + 
BE (4) > 00 (I) + EE (3) > 00 (I) + ME (2) 

Redlich-JUster Polynomial EquatioTL For each mixture. the 
excess or deviation properties (!"', /!.q, /!.Ks. and /!.1/) were fitted 
to the Redlich-Kister polynomial equation33 of the type 

2 

Y"u = x,<1 L,A,(x1 - x/ (8) 
k=l 

where fl!u refers to an excess property (yl!, ID], Ms. M) for 
each i-i binary pair; and .r1 is the mole fraction of the ith 
component; and A.t represents the coefficients. 

The calculated values of At along with the standard deviations 
(a) are listed in Table 5. The values of coefficients At of eq 8 
and the corresponding standard deviations (a) obtained by the 
melhod of least-squares with equal weights assigned to each 
point are calculated. The standard deviations (a) were calculated 
as 

u = [(!"'"'- ~)2/(n- m)]112 (9) 

where n represents the number of measurements and m the 
number of coefficients. The values of coefficients (Aa:) were 
determined by a multiple-regression analysis based on the least
squares method and summarized along with the standard 
deviations between the experimental and fitted values of ve. 
ll.TJ, Ms. and !JR. Finally, it can be concluded that the 
expressions used for intCipOiating the experimental data mea
sured in this work gave good results, as the a values for the VE, 
ID]. Ms. and /J.R data fitted to the Redlich-Kister polynomial 
equation were in the range from 0.006 to 0.011, 0.001 to 0.006. 
0.005 lo 0.015, and 0.002 lo 0.011, respectively. These results 
indicale thai the derived I"', /!.q, /!.Ks, and M are quile 
systematic and are a function of-composition of the binary 
mixtures. 

Conclusion 

In this work, density, viscosity, ultrasonic speed of sound, 
and refractive index have been measured for the binary mixtures 
of 1,3-dioxolane with 2-methoxyethanol, 2-ethoxyethanol, 2-bu
toxyethanol, 2-propylamine., and cyclohexylamine. Excess molar 
volume, viscosity deviation. deviation in isentropic compress
ibility, and molar refraction of the-mixtures have also been 
measured. 
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ABSTRACT. Density, p, viscosity, q, speed of sound, u, and refractive index, no, were measured for the binary 
systems of ethyl acetoacetate with dichloromethane, chloroform, carbon tetrachloride, nitromethane, methyl 
acetate, acetonitrile and acetic acid at 298.15 Kover the entire composition range. From the experimental results, 
the excess molar volume, yE and the deviation in viscosity,I:J.Ii, were calculated. Isentropic compressibility, ksE, 
and deviation in molar refractive index. M, were also calculated. These results were fitted to Redlich-Kister 
polynomia1 equation. The density and viscosity data were analyzed by some semi-empirical viscosity models, and 
the results have been discussed in tenns of molecular -interactions and structural effects. The excess properties 
were found to be either negative or positive depending on the molecular interactions and the nature of liquid 
mixtures. To explore the nature of the interactions, various thermodynamic parameters (e.g., intennolecular free 
length, specific acoustic impedance. etc.) have also been derived from the density and ultmsonic speed data. 

KEY WORDS: Density, Viscosity, Speed of sound, Isentropic compressibility, Molar refractive index, Ethyl 
acetoacetate 

INTRODUcriON 

The mixing of different solvents gives rise to solutions that generally do not behave ideally. This 
deviation from ideality is expressed· by many thermodynamic variables, particularly by excess 
properties. Excess thermodynamic properties of solvent mixtures correspond to the difference 
between the actual property and the property if the system behaves ideally and are useful in the 
study of molecular interactions and arrangements. In particular, they reflect the interactions that 

·take place between solute-solute, solute-solvent, and solvent-solvent species [1]. This work is a 
part of our program to provide data for the characterization of the molecular interactions 

·between solvents-in binary systems [2, 3]. Having wide usage in flavouring, perfumery, artificial. 
essences, and cosmetics, esters become one of the industrially important classes of liquids. 
Esters are also used as solvents in phannaceutical and paint industries and as plasticizers in 
plastic industries. Among different type of esters, ethyl acetoacetate is commonly used. A 
fundamental understanding of the mixing behavior of ethyl acetoacetate with common solvents 
such as dichloromethane, chloroform, carbon tetrachloride, nitromethane, methyl acetate, 
acetonitrile and acetic acid is therefore important from a technical and engineering viewpoinl 
The experimental data are used to calculate excess molar volumes, ~. deviations in viscosity, 
Aft, and deviations in i~entropic compressibility, ks E, of the mixtures. Also, from refractive 
index data, Lorenz-Lorentz molar refractivity, M, has been computed using mole fraction, xh 
of ethyl acetoacetate. Various thermodynamic parameters (e.g., intermolecular free length. 
specific acoustic impedance, etc.) and their deviations have also been derived from the density 
and ultrasonic speed data. These results are useful for the interpretation of the nature of 
interactions that occur between solvents. The work also provides a test of various empirical 
equations to correlate viscosity and acoustic data of binary mixtu.res in terms of pure component 
properties. 

*Corresponding author. E-mail: mahendraroy2002@yahoo.co.in 
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EXPERIMENTAL 
Materials 

High-purity spectroscopic and analytical grade samples of ethyl acetoacetate, dicbloromethane, 
chloroform. carl>on tetrachloride, nitromethane, methyl acetate, acetonitrile and acetic acid were 
procured from Fine Chemicals Ltd., Mumbai, India. All the samples were used without further 

purities exceeded 99% as tested by gas chromatography (HP 6890 
using a flame ionization detector with a packed column. Experimental 

values p, q, u n0 of the pure liquids are compared in Table I at 298.15 K, and these 
values agree well with the published results. Mixtures were prepared by mass in specially 
designed glass stopper bottles, and the properties were measured on the same day. An electronic 
Mettler balance, with a precision of 0.01 mg was used for mass measurements. The error in 
mole fraction was around 0.0002. 

Apparanu and procedure 

The densities were measured with an Ostwald-Sprengel type pycnometer (Borosil Glass Works 
Limited, Mumbai) having a bulb volume of 25 cm3 and ao internal diameter of the capillary of 
about 0.1 em, calibrated at 298.15 K with doubly distilled water and benzene. The pycnometer 
with the test solution was equilibrated in a thermostatic water bath maintained at± 0.01 K of the 
desired temperature, removed from the bath, properly dried, and weighed in an electronic 
balance. The evaporation losses remained insignificant during the time of actual measurements. 
Averages of triplicate measurements were taken into account. The mixtures were prepared by 
mixing known volume of pure liquids in air-tight stoppered bottles. The reproducibility in mole 
fraction was within± 0.0002. The mass measurements, accurate to± 0.01 mg, were made on a 
digital electronic analytical balaoce (Mettler, AG 285, Switzerland). The total uncertainty of 
density was ± 3 X 104 g. em·', aod that of temperature was± 0.01 !(_ 

The viscosity was measured by means of a suspended Ubbelohde type viscometer (Borosil 
Glass Works Limited, Mumbai), which was calibrated at 298.15 K with triple-distilled water 
and purified methanol using density and viscosity values from the literature. The flow times 
were accurate to 0.1 s, and the uncertainty in the viscosity measurements, based on our work on 
several pure liquids, was within 0.03.% of the reported value. Details of the methods aod 
techniques of density and viscosity measurements have been described earlier [4-6]. 

Speeds of sound were determined by multifrequency ultrasonic interferometer (Mittal 
Enterprise, New Delhi) working at 1 MHz, calibrated with water, methanol, and benzene at 
298.15 !(_ The details of the methods and techniques have been described earlier [4, 5]. The 
uncertainty of ultrasonic speed measurements is± 0.2 m.s·1• 

The refractive indices of pure liquids and their binary mixture were measured by using a 
thermostated Abbe refractometer (Atago 3T, Japan). The values of refnlctive index were 
obtained using sodium D light. The uncertainty of refractive index measurements was within 
0.0001. The thennostat temperature was constant to ± 0.01 K. Water was circulated into the 
prism of the refractometer by a circulation pwnp connected to an external thermostated water 
bath. Calibration was performed by measuring the refractive indices of double-distilled water, 
toluene, cyclohexane, and carbon tetrachloride at defined temperature. The sample mixtures 
were directly injected into the prism assembly of the instrument using an airtight hypodennic 
syringe. and an average of four measurements was taken for each mixture. The reliability of 
experimental measurements of n0 was ascertained by comparing the experimental data of pure 
liquids with the corresponding values available in the literature at 298.15 !(_ 

Bull. Chem. Soc. Ethiop. 2010, 24(1) 
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The solutions were pre-thennostated at 298.15 K before the experiments to achieve quick 
thennal equilibrium. A minimum of three independent readings was taken for each composition; 
and their average value was considered in all of the calculations. 

RFSULTS AND DISCUSSION 

The physical properties of the pure liquids along with their literature values are recorded in 
Table 1 [7-16]. Table 2 lists the excess molar volumes. vE and viscosity deviations, llq along 
with the corresponding mole fractions of ethyl acetoacetate, x1• The plots of vE and llq against 
x1 at 298.15 K are represented in figures 1 and 2, respectively. The excess molar volumes, vE, 
were calculated using the equation [17]: 

j 
v"= I;c,M,{IIp-1/pi) 

i=l 
(I) 

where p is the mass density of the mixture and M;, x;, and p;, are the molar mass, mole fraction, 
and density of the f' component in the mixture, respectively. 

Table l. Comparison of density p, viscosity q. sound speeds u and refractive index no with literature data at 
298.15 K. 

A persual of Table 2 shows that the values of v" vary for the binary systems with ethyl 
acetoacetate in the following order: 

methyl acetate > carbon tetrachloride > dichloromethane > nitromethane > chlorofonn > 
acetic acid > acetonitrile 

The largest deviations in v" are in the range x1 = 0.45-0.6 (Fignre 1). The positive values of 
excess molar volume, vE for the system ethyl acetoacetate + methyl acetate may be attributed to 
the dispersion type interactions due to repulsion among the electrons .on oxygens. Carbon 
tetrachloride, dichloromethane and nitromethane internet very weakly with ethyl acetoacetate 
resulting in positive values of excess molar vqlume, vE. A similar result for the system ethyl 
acetoacetate + ethyl acetate was reported earlier [18]. On the contrnry the ethyl acetoacetate + 
chlorofonn, acetic acid and acetonitrile systems behave rather in a opposite manner. This 
implies dominance of specific interaction [19] most probably througb intermolecular hydrogen 
bonding between the component liquids, dipole-dipole or dipole-induced dipole interaction [20, 
21] and also the interstitial accommodation of the mixing components because of the difference 
in molar volumes [22]. 

Bull. Chem. Soc. Ethiop. 2010, 24(1) 
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Table 2. Values of ex~s molar volume, V' and viscosity deviation. f11t. 

Xt I I"· I I s) lxt 

0.0000 0.0000 0.000 1.0000 0000 .000 
0.0676 0.0380 omo 1.0925 .1040 i= 

~O~I .. I~~o~3~o~.~n~~~~o~!18~~18~65~~~~~~ 
0.2186 0.1240 0.1 ,._~~.2~81<27+-2--=;;~ '-~~~--~ 
~~~~~032+-~~--+-~ c3795 ~030 o.:~ 
0.394~ 1.4784 
1.49~7 1.5791 ·0.2620 0.171 
1.~6 1.6816 ·0.1900 0.156 
.7230 034 0.7858 .0.1180 0.117 

; 

016 0.8920 ·0.0520 0.068 

:~~~·~~~~~oo~t~tt.oo~~oo~~o~.oooo~~~OQ~oooo~ 
~ 1.~ 0.000 0.0000 0.0000 

0.1780 0.007 0.0495 0.02 
I 0.2281 0.3180 O.ol5 1.1051 :-:... 
: 0.3362 0.4450 0.0 
! 0.4407 0.5150 0.1 1.052'---
1 o.5417 o.s1~ o.• ~ 1.065 
10.6394 0.4®0 0.1 7-~~+-~~~-+~1.07~5~ 

! ~::ill ~"--+-""'!= oi ~=""-.-+-~~J.0::""8HI~ 
1.0000 ~ 1,000 1.0000 0.0000 0.000 

WI i!+l ! ~:~~ -~E:~ !E 
I ~~~: ~:~~~~ ~-0.044 I' -1-~::c: 
I 0.3627 0.9380 :2398+---=;:: ,_c---1-'~~-1 
1 o.4606 1.o31o .o. o3212 ·O.· ,...- .o.Q38 
1 o.: 705 o.977o .o.~ "'--+-=.o"""".047'---l 

0.4090 .0.4550 
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Figure I. Excess molar volumes (v") for binary mixtures of ethyl acetoacetate (I) with 
dichloromethane (•), chloroform (x), carbon tetrachloride (.'-), nitromethane (-), 
methyl acetate(+), acetonitrile<*> and acetic acid(+). 
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Figure 2. Viscosity deviations (t.q) for binary mixtures of ethyl acetoacetate (I) with 
dichloromethane (•), chloroform (x), carbon tetrachloride (.A;), nitromethane (-), 
methyl acetate(+), acetonitrile<*> and acetic acid(+). 

The deviation in viscosities, A'l can be computed using the equation [23, 24]: 

j 
11q = q - '[. (x,qJ 

i=l 
(2) 

where Z. is the dynamic viscosity of the mixture and x1 and 'II are the mole fraction and viscosity 
of the J component in the mixture, respectively. 

As far as Ar, values are concerned, the experimental binary mixtures exhibit positive as weB 
as negative values over the entire composition range at the experimental temperature. The 
maxima and minima of the curves lie within mole fraction .r1 = 0.45-0.65. According to Fort and 
Moore [17] excess viscosities are negative in mixtures of components having unequal size and 
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in which dispersion forces are present The positive values of ll1J increase for the seven systems 
with ethyl acetoacetate are in the following sequence: 

methyl acetate < acetonitrile < carbon tetrachloride < dichloromethane < nitromethane < 
chlorofonn <acetic acid 

The positive Atf values indicate specific interaction and its negative values indicate 
dominance of disruption forces. Thus the order of ll.1! values (Figure 2) supports our earlier 
results obtained from v" values. 

Isentropic compressibilities, ks. the deviations in isentropic compressibilities, k5E, deviations 
in intennolecular, free length, ALe and_ deviations in specific acoustic impedance, AZ, are 
calculated from the experimental densities, p, speeds of sound, u, intermolecular free length, Lr. 
and specific acoustic impedance, Z of the mixture using the required equations [25-27]. 

Experimental values of u, ks, k/, IJ.L,, and /!,Z are listed in Table3, and the plots of ks •, IJ.L,, 
and AZ against x1 are shown in Figures 3 to 5. For the investigated binary mixtures, the 
deviations in isentropic compressibility are just parallel to that of vE. The composition 
dependence of kl for the investigated binary mixtures is shown in Figure 3; it shows that ks E 

values for the bin31)' systems with ethyl acetoacetate decrease in the following order: 

methyl acetate > carbontetrachloride > dichloromethane > nitromethane > chlorofonn > 
acetic acid > acetonitrile. 

6 

4 

2 .. 
~ 
Co 0 
:;; 0.4 

"" -2 

-4 

·6 

·8 

Figure 3. Deviations in isentropic compressibility (kl) for bin31)' mixtures of ethyl acetoacetate 
(!)with dichloromethane (a), chloroform (x), carbon tetrachloride (J.), nitromethane 
(-),methyl acetate(+), acetonitrile (f) and acetic acid(+). 

These results can be explained in tenns of molecular interactions and structural effects. 
Figures 4 and 5 illustrate that 11L, valUes are opposite to AZ. Positive and negative deviations in 
these functions from linear dependence on composition of the mixtures indicate the extent of 
association or dissociation between the mixing components [28]. The observed values of ks E 

and 1J.L, can be qualitatively explained by considering the following factors: (i) the mutual 
disruption of associates present in pure liquids, (ii) dipole-induced interaction between the 
mixing liquids, and (ill) interstitial accommodation [29] of one component into another. Thus 
the graded behaviors of these functions support the results obtained earlier. 
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Table 3. Values of ultrasonic speeds u. deviations in isentropic compressibility kl·. deviations in 
intermolecular free length (!J.LiJ. and deviations in specific acoustic impedance (112) for biruuy 
mixtures at 298.15 K. 

IMJAI xo I u/(m.s'l I 
'+I 

I o.oooo 1035.3 o.o I o.oooo o.oooo lo.oooo 985.1 
I 0.0676 1056.0 0.3 I o.OOI5 -12.7111 10.0925 1025.5 
10.1403 1078.0 o.6 1 0.0021 o.I865 1064.5 
1 0.2186 1099.0 1.1 1 0.0048 0.2822 1104.5 

0.0 
-1.2 
-2.1 
-2.9 

0.0000 0.0000 
0.0046 5.3877 
0.0079 9.0260 
0.011 I 14.4225 
0.0127 )45 
0.0135 

~~.®~~~~~~~c~oo ~ 
~~.6m~6~~~~~c~oo ~ ~~~~~~~ 
0.7230 1218.0 I. ~ 

184 
9.6250 

0.8545 1282.0 0.8 I 0.0039 -2i0055 1.8920 1304. 
1.0000 1331.6 o.o I o.oooo o.oooo 1.0000 1331.6 

'+' 
I o.oooo 917.7 o.o I o.oooo 

I o.0034 
0.0000 0.0000 1317.0 

0.0495 1318.5 •.H61 953.4 0.7 
•.2281 989. 
•.336: 1024. 

·.440 I .541 . 
0.639• II 

I o.7339 1183.1 
I 0.8254 1228.5 

1.0063 
.0095 

1.01 
1114 

0.1050 1319.8 
1320.4 
1321. 

,,9161 1322.1 
~ 1322.! 

22 I o.o1o -36~ 1323.· 
1.1 I o.oo81 co.; o.6523 1324' 

0.1 

0.0 
0.2 
0.5 
0.7 
0.' 

11!,9141 1279.0 o.9 I o.0042 0.8085 1326.8 0.1 
,0000 .6 o.o 1 o.oooo o.oooo .oooo 1331.6 o.o 

'+ -1 acetate 

0.0000 0.0000 
0.0011 -8.1683 
0.0022 -15.8238 
0.0033 -22.5983 
O.Om9 -26.9142 
0.0047 0.8279 
0.0050 
0.0051 1.8999 

!!~ 

i 
,0000 000 0.00001 1282.6 0.0 0.0000 0.0000 
,00 0616 3391 1281 -1.7 -0.0062 17.0227 
,00 .1055 1311 1290.: -0.0113 32.5476 

""o=.2751;+..;.11=77.oe+-""""'2~.6-+7.'!"~ ~':;--f~~'='-17~~11 :;~~~:·-J--=7::---~~ 4~~!~~ 
'0.3627 1184.0 3.2 0.0142 .23981 1300.• ~ .1069 
I o.4606 1196.0 3.5 0.0156 10.3212 1306.8 1.0253 .9853 

15 1212.0 3.5 0.0162 10.4240 1314.5 -7.0 1,0265 '.6259 
0.0146 10.5579 1323.2 -6.5 .7725 
0.0093 10.7395 1329.4 -4.4 59.5406 

0000 o.oooo o.oooo :1.0000 1331.6 o.o o.oooo o.oooo 

0.0000 132:5 ' 0.0000 .0000 
0.0488 150.1 -0.0045 :.6245 
0.1034 1168.0 I 'O.oo84 ~ 
0.1651 1185.4 -3.1 -0.0113 ~ '--
0.2353 1204.5 -3.8 -0.0139 27.7391 
0.3157 1224.4 -4.3 -0.0157 31.9949 
~ 1~3. -4 -0.0160 33.0547 

1-;~~:;;t-;;;1;~~~::+-~ ·';-~1691 
0.8059 1309. ..; 
1.0000 1331.6 0.0 

Bull. Chern. Soc. Ethiop. 2010, 24(1) 
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Figure 4. Deviations in intermolecular free length (A4) for binary mixtures of ethyl acetoacetate 
(I) with dichloromethane (•), chlorofonn (X), carbon tetrachloride (A), nitromethane 
(-),methyl acetate(+). acetonitrile &land acetic acid(+). 
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Figure 5. Deviations in specific acoustic impedance (112) for binary mixtures of ethyl 

acetoacetate (I) with dichloromethane (•), chlorofonn (x), carbon tetrachloride (A), 
nitromethane (-),methyl acetate(+), acetonitrile c*> and acetic acid(+). 

Table 4 representS the experimental refractive index, molar refractivity by Lorentz-Lorenz 
Equation and deviation in molar refractivity at 298.15 K. The molar refractions, R, which were 
calculated using the Lorentz-Lorenz equation [30] 

R= (no2-lln0
2+2)V (3) 

where n0 and V being the refractive index and the molar volum~ respectively; and AR. the molar 
refraction changes of mixing, which were obtained from the following equation. 

j 
Ml = R- :E (x,RiJ 

i=l 
(4) 

where R is the molar refraction of the mixture and x1 and R1 are the mole fraction and molar 
refraction of the ,..m component in the mixture, respectively. The dependence of molar refraction, 

Bull. Chem. Soc. Ethiop. 2010, 24(1) 



Solvation effects in binary mixtures of ethyl acetoacetate with some CHo~ derivatives 9 

M on mole frnction, x., of ethyl acetoacetate at 298.15 K is displayed in Figure 6. It is observed 
that, for all the mixtures M contains both positive and negative values. It may be attributed to 
the electronic perturbation of the individual molecules during mixing and, therefore, depends on 
the nature of the mixing molecules and only on the wavelength of the light used for 
measurement [31]. The positive M values vary in the order: 

methyl acetate < carbon tetrachloride < dichloromethane < nitromethane < chlorofonn < 
acetic acid < acetonitrile. 

0.4 

0.3 

ii 0.2 

E 0.1 .. 
~ 0 
0 

~ -0.1 

-0.2 

-0.3 

-0.4 

-0.5 x1 

Figure 6. Deviations in molar refractive index. (AR) for binary mixtures of ethyl acetoacetate (1) 
with dichloromethane (•), chloroform (x), carbon tetrachloride (A), nitromethane (-), 
methyl acetate(+), acetonitrile<*> and acetic acid(+). 

For each mixture, the mixing functions v",l!.q, l'.Ks.ll.Lr,l;Z and I!.R were fitted to a Redlich
Kister polynomial regression [32] of the type 

m 
~""• =x.x;IA, (x,-xj)' 

k=l 
(5) 

where !"" ij refers to an excess property (v", l!.q, I!.Ks.ll.Lr. l;Z,I!.K) for each i - j binary pair, and 
x1 is the mole fraction of ith component, and A.t represents the coefficients. 

'Ipe values of coefficients A~,: of equation (5) and the corresponding standard deviations, u 
obtained by the method of least squares with equal weights assigned to each point are 
calculated. The standard deviations (u) are defined as: 

u = [(!"".,. -!"" .,.J)' l(n-m)]lll (6) 

where n represents the number of measurements and m the number of coefficients. The values 
of coefficients (A,) is determined by a multiple-regression analysis based on the least square 
method aDd summarized along with the standard deviations between the experimental and fitted 
values of, v", l!.q, l'.K~ 1!.f..r, I!.Z, M are presented in Table 5. Finally, it can be concluded that 
the expressions used for interpolating the experimental data measured in this wmk gave good 
results, as can be seen by inspecting the u values obtained. 

Bull. Chem. Soc. Ethiop. 2010. 24(1) 



10 Mahendra Nath Roy et al 

Table 4. Experimental and calculated values of refractive index, no. and deviation in molar refraction M 
of binary mixtures at 298.15 K. 

XI no M X 10"/m' mor XI I no I M X t<rtm' mor 
Ethylacetoacetate + dichloromethane Ethylacetoacetate + chloroform 

0.0000 1.4222 0.0000 0.0000 1.436 0 .0000 
0.0676 1.4219 0.0 133 0.0925 1.4355 0.0559 
0.1403 1.4216 0.0263 0.1865 1.4348 0.1066 
0.2186 1.4212 0.0374 0.2822 1.4339 0.1473 
0.3032 1.421 0.0492 0.3795 1.4327 0.1835 
0.3949 1.4206 0.0532 0.4784 1.43 11 0.2019 
0.4947 1.4204 0.0607 0 .579 1 1.4288 0 .1854 
0.6036 1.4200 0.0507 0.68 16 1.4263 0. 155 
0.723 1.4197 0.0383 0.7858 1.4238 0 .1131 

0.8545 1.41 94 0.0225 0 .892 1.42 12 0 .05 13 
1.0000 1.41 90 0.0000 1.0000 1.4190 0 .0000 

Ethylacetoacetate + carbontetrachloride Ethylacetoacetate + nitromethanc 
0.0000 1.4578 0.0000 0.0000 1.3929 0 .0000 
0. 1161 1.4505 -0.0308 0 .0495 1.3958 0 .0070 
0.228 1 1.4442 -0.0572 0.105 1.3989 0 .0264 
0.3362 1.4388 -0.0701 0.1674 1.4021 0 .0495 
0.4407 1.4342 -0.0802 0.2382 1.4051 0 .0679 
0.5417 1.4305 -0.0785 0.3 193 1.4082 0.0939 
0.6394 1.4276 -0.0739 0.413 1.41 11 0.1121 
0.7339 1.4251 -0.0603 0.5225 1.4135 0.1137 
0.8254 1.4229 -0.0436 0.6523 1.4154 0.0833 
0.9 14 1 1.4209 -0.0232 0.8085 1.4 171 0 .04 19 
1.0000 1.4190 0.0000 1.0000 1.4190 0 .0000 

Ethylacetoacetate + methylacetate Ethylacetoacetate +acetonitrile 
0.0000 1.36 11 0.0000 0.0000 1.3419 0.0000 
0.0595 1.3630 -0.1014 0.0339 1.3494 0.0355 
0.1246 1.3656 -0.1870 0.073 1 1.3573 0.0729 
0.1961 1.3687 -0.2672 0 .1191 1.3657 0.11 54 
0.2751 1.3725 -0.336 0.1737 1.3743 0.1622 
0.3627 1.377 1 -0.3775 0.2398 1.3834 0 .216 
0.4606 1.3826 -0.3978 0.3212 1.3925 0.2646 
0.5705 1.3895 -0.3834 0.424 1.4019 0.3132 
0.6948 1.398 1 -0.3096 0.5579 1.4100 0.3127 
0.8367 1.408 -0.1919 0 .7395 1.41 56 0.2062 
1.0000 1.419 0.0000 1.0000 1.4190 0 .0000 

Eth acetoacetate + acetic acid 
0.0000 1.3700 0.0000 
0.0488 1.3765 0.0342 
0.1034 1.3828 0.0681 
0. 165 1 1.3894 0. 1168 
0.2353 1.3956 0.1607 
0.3157 1.4013 0.1956 
0.409 1.4068 0.2264 

0.5 185 1.4115 0.2318 
0.6486 1.4151 0.2041 
0.8059 1.4175 0.1305 
1.0000 1.4190 0.0000 

BuU. Chern. Soc. Ethiop. 2010, 24(1) 
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Table S.Redlich-Kister coefficients At and standard deviations a for the binary mixtures. 

I Excess oronenv I Ao I Ao I A, I A, I A, I u 

'IO'H~I
I(mPa.s' 

-0.1688 -0.3257 I 0.003! 
!2 0.0388 ~ ~ l_(l.()()(! 

V'" x IO' I 
I llt71 ( mPa.s) 
I ks"x 
I Mix 10'1 
lll41 A 

'x 10' I 'm'mor'l 

'x 
IRx IO"Hm~'l 
ll41 
I'.ZI 

V'"xiO'II 

•"x 
lRx 10'11 
f..! A 

.Z!kl!'m'·s'' 

ll41 A 
I'.Z 1 k•·m'·s' 

V'"x 

1.3339 19 -1.1154 ~ 

!76 -0.0331 10 !_(J.{l(g 
378 0.0062 ~ I 0~ 

1.1140 4 ~2 23.7161 I 0~ 

-1.1876 0.6416 .7055 -03396 -03519 I ~ 
0.6767 0.1454 -0.0686 -0.1446 I ~ 

2.1562 2.1469 I o.o59: 
0.7853 -0.0551 -0.3069 1 0.0038 
-0.0537 o.oo58 o.oo96 I 0.0002 
743049 -5.1560 1 o.6037-

2.0336 

~~ 
0.0488 

0.3658 
0.3190 
4.4471 

1518 
l208 

-0.3775 1.2170 ~ 

-0.0046 0756 .001 

~~~~~-0
8

3~
5

1(0~~9-----t~--~:~~i-~ 
~ -OJIOO ~ 

26.7914 ~ 

-0.2896. 0.1431 0.2418 
0.0202 -0.0850 
-0.3546 0.7162 
-0.0849 -0.3876 
-0.0023 
37.7423 -21.6414 

1 o.oo5i 
I o.ooo 
10,024 
LQ.!lQI 
l_Q,(l()() 
I 0.272' 

4.~ -0~ -1.9771 1.781 J.QgT:;-;:77,..-Hc;; 
-0.4312 -o'fi!it- -0.0648 -0.1381 o.m8 
14.3078 1.4510 -2.9081 
-1.5823 0.2385 0.0620 
0.0647 0.0121 -0.0091 

' -57.8767 13.8619 
0+1 

I~ 
I 0.0002 
I o.3351_ 

-3.3898 -1.0626 0.7564 ..MQR 1 0.0097 
u) -0.2104 -0.0772 0.0707 l_Q,(l()!I. 

• x .o" HPa'l -27.3834 9.123. 0.8057 6.55 -4.0858 ~ 
h 1.2839 -0.026C -0.6748 l.42 I 0.0018 

ks6 x IO"I(Pa''l 6.7081 -4.7127 I 0.0592 
M/ X 10'1 0.9309 -0,0655 -0.2292 _()Jill [_().()(g 

cl A~M.~I~ AC£:=::b-0~.06~11'7tt~#i 719 m: ~ 
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CONCLUSIONS 

It is realized that these binary data will have some relevance in industries because the esters are 
known to act as plasticizing agents for many industrial plastics. Furthermore, the structural 
changes and the appearance of dispersion forces and further hetero associations by mixing with 
ethyl acetoacetate make these systems particularly interesting. The interaction parameters 
deduced can be used to further predict these properties in multi-component mixtures. 
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The densities and viscosities of six ternary mixtures of the water, mono
alkanols; 1-propanol, 2-propanol and monoalkanoic acids; formic acid, 
acetic acid and propionic acid are detel'Dliq.ed over the entire range 
of composition at 298.15, 308.15 and 318.15K. From the experimental 
observations, the viscous synergy and synergy intemction index are derived 
by the equations developed by Kalentunc-Gencer, Peleg and Howell, 
respectively. The speeds of the sound of these ternary mixtures have been 
measured over the whole composition range at the same temperatures, 
and also the excess molar volumes, the isentropic compressibilities 
and excess isentropic compressibilities have been evaluated from the 
experimental data. 

Keywords: synergy; water-monoalkanol-acid system; density; viscosity; 
ultrasonic speed 

1. Introduction 

. Water is the most widely used solvent in the chemical and pharmaceutical industry, 
since it is the most physiological and best tolerated excipient.· However, in some 
cases water cannot be used as a solvent because the active substance or solute is 

25 insoluble or slightly soluble in water. For this and other reasons, solvents possessing 
the common characteristics of being soluble or mixable in water, may be used; as 
a result, such solvents can be used for the preparation of binary and tertiary 
miXtures, etc., with different purposes such as increasing water solubility, or 
modifying the viscosity or absorption of the dissolved substances [1). For example, 

30 alcohol and acid solutions are widely used with water in pharmaceutical industry 
as solvents for their hydrophilic (polar) and protic nature. The increasing use 
of monoalkanols and their aqueous mixtures in many industrial processes such 
as pharmaceutical and cosmetics has greatly stimulated the need for extensive 
information on their properties. Rheology, the branch of science studies the material 

35 deformation and flow, and is increasingly applied to analyse the viscous behaviour of 
many pharmaceutical products [2--6). In addition, the rheological and molecular 
behaviours of a formulation can influence the aspects such as, patient acceptability, 
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since it has been well demonstrated that both viscosity and density influence the 
absorption rate of such products in the body [7,8]. 

40 The present study investigates and quantifies the viscous synergy in the ternary 
mixtures of water, alcohols and acids. The sets of ternary mixtures are formed 
from water (A) and propanol (B) taken in combination with acids (q; formic acid 
(set I-a), acetic acid (set I-b), propanoic acid (set I-c) and again from water (A) 
and isopropanol (B) taken in combination with the same acids (q, i.e. formic acid 

45 (set II-a), acetic acid (set II-b), propanoic acid (set II-c), respectively. Water (A), 
monoalkanols (B) and acids (q have proton donor and proton acceptor groups 
leading to self-association in pure state and mutual association in combined state 
through the significant degree of H-bonding [9, 10]. 

2. Experimental 

50 2.1. Sources and purity of samples 

All the chemicals used were from Merck (India). Formic acid was treated with boric 
anhydride to obtain 98% pure acid. Acetic acid was p_urified by adding some acetic 
anhydride to react with the water present and then heating-for I h to just below the 
boiling point in presence of 2 g of Cr03, whereas propionic acid was dried by 

55 fractional distillation. The source and purification of pure alcohols, !-propanol and 
2- propanol, have been described earlier (11,12]. Triply distilled water was used for 
the experiments. The ·purity of the chenticals was ascertained by GLC and also by 
comparing the experimental values of densities and viscosities with those reported in 
the literature [13-24] as listed in Table I. 

60 2.2. Method 

Densities were measured with an Ostwald-$prengel-type pycnometer having 
a bulb volume of about 25 cm3 and an internal diameter of the capillary of about 
0.1 em. The pycnometer was calibrated_ at 298.15K with. doubly distilled water. 
The pycnometer with experimental liquid was equilibrated in a glass-walled 

65 thermostated water bath maintained at ±0.01 K of the desired temperature. The 
pycnometer was then removed from the thermostat, properly dried and weighed 
in an electronic balance with a precision of ±0.01 mg. Adequate precautions were 
taken to avoid evaporation losses during the time of measurements. An average of 
triplicate measurement was taken into account. The uncertainty of density values 

70 is ±3 x 10-4 gem_,. The details of the methods and measurement techniques had 
been described earlier (25]. 

Solvent viscosities were measured by means of a suspended Ubbelohde-type 
viscometer, calibrated at 298.15K with doubly distilled water and purified methanol 
using density and viscosity values from the literature [26-28]. A thoroughly cleaned 

75 and perfectly dried viscometer filled with experimental liquid was placed vertically in 
the glass-walled thermostat maintained to ±0.01 K. After the attainment of thermal 
equilibrium, effiux times of flow were recorded with a stopwatch correct to ±0.1 s. 
At least three repetitions of each data reproducible to ±0.1 s were taken to average 
the flow times; The uncertainty of viscosity values _is ±0.003 mPa s. The details of the 

80 methods and measurement techniques had been described elsewhere (29,30]. 
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Table 1. Comparison of physical properties of the pure solvents with literature data at 
different temperatures. 

p X 10-J (kgm-3) q x 1o' (mPas) u (ms-1) 

Solvents T(K) ExpL Lit. Expt. Lit. ExpL Lit. 

Water 298.15 0.9971 0.9971 (13) 0.894 0.8903 (13] 1497.0 1497.4 [41] 
308.15 0.9941 0.9940 [13] 0.723 0.7190 [13] 
318.15 0.9903 0.9902 [13) 0.599 0.5972 [13) 

1-Propanol 298.15 0.7996 0.7995 [14,15] 1.940 1.9324 [14,15] 1207.2 1207.2 [42) 
308.15 0.7916 0.7916 [14,15] 1.560 1.5600 [14,15] 
318.15 0.7832 0.7846 [16] 1.178 Ll500 [16] 

2-Propano1 298.15 0.7825 0.7808 [17] 2.031 2.0890 [17] 1138.9 1138.9 [43] 
308.15 0.7723 0.7723 [17] 1.564 1.5640 [17] 
318.15 0.7636 0.7633 [17] 1.190 1.1920 [17] 

Formic acid 298.15 1.2114 1.2114 [18] 1.470 1.5100 [19] 1097.0 
308.15 1.1997 1.2012 [19] 1.225 1.2500 [19] 
318.15 1.1883 1.175 

Acetic acid 298.15 1.0439 1.0438 [21] 1.070 1.0600 [19] 1132.0 
308.15 1.0328 1.0325 [19] 0.978 
318.15 1.0218 0.859 

Propionic acid 298.15 0.9888 0.9880 [21] 1.013 1.0300 [19] 1172.0 
308.15 0.9770 0.9776 [22] 0.914 0.8900 [19) 
318.15 0.9669 0.658 

Ultrasonic speeds of sound were determined by multifrequency ultrasonic 
interferometer (Mittal Enterprise, New Delhi) working at I MHz, calibrated with 
water, methanol and benzene at 298. I 5 K. The precision of ultrasonic speed 
measurements was ±0.2ms-•. The temperature stability was maintained within 

85 ±0.01 K by circulating thermostated water around the cell with a circulating pump. 
The details of the methods and techniques have been described earlier [31,32]. 

3. Results and discussion 
3.1. Viscous synergy 

The measurements yielded the viscosity values, qap• for the different mixtures at 
90 different concentrations (w{w), listed in Table 2 along with the viscosity values, qoa~0, 

in the absence ofinteractions. The method most widely used to analyse the antagonic 
and synergic behaviour of various solvent mixtures is that developed by Kaletunc
Gencer and' Peleg [27] allowing for the quantification of the synergic and antagonic 
interactions taking place in mixtures involving variable proportions of the 

95 constituent components. Viscous synergy is the term applied to the interaction 
between the components of a system which causes the total viscosity to be greater 
than the sum of the viscosities of each component in the system. In contraposition 
to viscous synergism, viscous antagonism is defined as the interaction between the 
components of a system causing the net viscosity to be less than the sum of the 

100 viscosities of each component in the .system. If the total viscosity of the system is 
equal to the sum of the viscosities of each component, the system is said to lack 
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interaction [33]. The viscosity in the absence of interaction, qca1c, is defined by the 
'simple mixing rule' 

3 

'lcalc = L X;IJ; 
i=l 

(I) 

where x1 is the mole fraction and q1 is the viscosity measured experimentally of the 
105 i-th component. Viscous synergy exists when, q,..>qealc· The procedure is valid for 

Newtonian fluids, since in non-Newtonian systems shear rate must be taken into 
account and consequently, other synergy indices have been defined [34]. The values 
in Table 2 show that q.,.p>'lcaic for all the systems indicating viscous synergy and the 
values in Table 2 are graphically represented in Figure I, where the viscosity is seen 

110 to increase non-linearly for all the mixtures, reaching maximum values (saturation 
point) and thereafter decreases. 

The explanation of this type of behaviour. is based on the known phenomenon of 
solvation, as a consequence of the hydrogen bonds formed between the molecules of 
the components of the mixture - producing an increase in the size of the resulting 

115 molecular package, which logically implies a rise in viscosity [35]. After reaching the 
maximum viscosity, the subsequent addition of more water induces a decrease in 
mixture viscosity, as the latter tends to approach the viscosity of water. 

Such characteristics in the viscosity versus_ composition curve is a manifestation 
of specific interaction [36] between the unlike molecules, predominated by hydrogen 

120 bonding interaction. Maximum viscosity is found in the mixtures when the mole 
fractions are in the following ratios: 

(set 1-a,II-a) water (A) +propanol (B)/isopropanol (B)+ formic acid (C)= I: 1.35: 1.76 

(set 1-b,II-b) water (A) +propanol (B)/isopropanol (B)+acetic acid (C)= I: 1.35:1.35 

(set 1-c, II -c) water (A)+ propanol (B)/isopropanol (Ji) +propionic acid (C)= I : 1.35: 1.09 

It can be concluded that the affinity of monoalkanoic acid molecules towards 
monoalkanols in the presence of water is enhanced by the following order: 

A+ B + HCOOH >A+ B + CH,COOH >A+ B + CH,CH2COOH 

The monoalkanols with hydroxyl group positioned at the second carbon atom 
125 accept more acid and water than those with the terminal hydroxyl group. Similar 

results were also reported earlier by Herraez and Beida [17]. 

3.2. Synergy interaction imleX 

The corresponding viscosity increment given by llq = 'lap - qcalc and the synergy 
interaction indices, Is, introduced by Howell [34] is calculated by the following 

130 equation: 

(2) 

The values recorded in Tables 2 and 3 allow us to plot the graphical 
representations shown in Figures 2-5: Figures 2 and 4 show the variations of 
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Table 2. Comparison of the experimental and calculated viscosities (~) for the indicated water 
(A)-soluble mixtures of monoalkanols (B) and acids (C) as a function of mass% of water at 
298.15, 308.15 and 318.15K. 

298.15K 308.15K 318.15K 

Mass% of ~~P X !o" l'Jcalc X I if 1/eJ..p X 102 
lJcalc X 102 ~ap X !o" J7calc X 102 

H20 (mPas) (mPas) (mPas) (mPas) (mPas) (mPas) 

HCOOH+ 1-PrOH (wfw= I: I) 
0 1.795 1.617 1.508 1.370 1.270 1.164 

10 1.845 1.441 1.540 1.213 1.295 1.027 
20 1.736 1.313 1.443 1.098 1.213 0.927 
30 1.570 1.217 1.292 1.012 1.082 0.851 
40 1.407 1.141 1.152 0.944 0.963 0.792 
50 1.272 1.079 1.042 0.889 0.867 0.744 
60 1.165 1.029 0.951 0.844 0.792 0.705 
70 1.072 0.987 0.871 0.806 0.719 0.672 
80 1.005 0.951 0.813 0.774 0.671 0.644 
90 0.947 0.920 0.767 0.747 0.634 0.620 

100 0.894 0.894 0.723 0.723. 0.599 0.599 

HCOOH + 2-PrOH (w/w= I: I) 
0 1.888 1.656 1.546 1.372 1.328 1.182 

10 1.927 1.471 1.575 1.214 1.342 1.040 
20 1.847 1.336 1.509 1.099 1.276 0.937 
30 1.699 1.234 1.381 1.013 1.164 0.859 
40 1.545 1.154 1.254 0.944 1.048 0.798 
50 1.374 1.090 1.110 0.889 0.933 0.749 
60 1.227 1.037 0.987 0.844 0.823 0.708 
70 1.117 0.992 0.899 0.806 0.749 0.674 
80 1.031 0.954 0.829 0.774 0.688 0.645 
90 0.962 0.922 0.769 0.747 0.639 0.620 

100 0.894 0.894 0.723 0.723 0.599 0.599 

CH3COOH + 1-PrOH (wfw= I : I) 
0 1.755 1.655 1.333 1.269 1.049 1.004 

10 1.765 1.449 1.352 1.121 1.072 0.895 
20 1.644 1.309 1.273 1.020 1.021 0.820 
30 1.453 1.207 1.130 0.947 0.910 0.766 
40 1.297 1.130 1.016 0.892 0.826 0.725 
50 1.175 1.069 0.924 0.849 . 0.750 0.692 
60 1.088 1.021 0.856 0.814 0.699 0.666 
70 1.013 0.980 0.806 0.785 0.661 0.645 
80 0.960 0.947 0.768 0.761 0.633 0.627 
90 0.922 0.918 0.743 0.740 0.614 0.612 

100 0.894 0.894 0.723 0.723 0.599 0.599 

0 1.835 
CH3COOH + 2-PrOH (wfw =I : I) 

1.700 1.358 1.271 1.087 1.024 
10 1.846 1.482 1.382 1.123 1.109 0.909 
20 1.709 1.334 1.299 1.022 1.054 0.831 
30 1.510 1.226 1.160 0.949 0.942 0.774 
40 1.346 1.144 1.042 0.893 0.848 0.731 
50 1.218 1.080 0.949 0.849 0.773 0.697 
60 1.116 1.028 0.876 0.814 0.718 0.670 
70 1.038 0.986 0.818 0.785 0.673 0.647 

(Continued) 
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Table 2. Continued. 

298.15K 308.15K 318.15K 

Mass% of q<Xp X 1if q.,.,, X 1if q"'P X 1if qoa!, X 1if qap X 1if qcok X 1if 
H 20 (mPas) (mPas) (mPas) (mPas) (mPas) (mPas) 

80 0.978 0.950 0.777 0.761 0.640 0.629 
90 0.932 0.920 0.746 0.740 0.617 0.613 

100 0.894 0.894 0.723 0.723 0.599 0.599 

CH,CH2COOH+ 1-PrOH (wfw= 1: 1) 
0 1.712 1.691 1.327 1.320 0.933 0.930 

10 1.616 1.460 1.262 1.146 om3 0.834 
20 1.476 1.309 1.160 1.034 0.863 0.771 
30 1.308 1.203 1.032 0.954 0.783 0.727 
40 1.182 1.125 0.934 0.895 0.722 0.695 
50 1.092 1.064 0.866 0.850 0.679 0.669 
60 1.031 1.016 0.822 0.814 0.654 0.650 
70 0.983 0.977 0.789 0.785 0.636 0.633 
80 0.948 0.944 0.763 0.761 0.622 0.620 
90 0.918 . 0.917 0.741 0.740 0.609 0.609 

100 0.894 0.894 0.723 0.723 0.599 0.599 

CH3CH2COOH+2-Pr0H (wfw= 1: 1) 
0 1.810 1.742 1.361 1.322 0.977 0.952 

10 1.714 1.495 1.309 1.148 0.949 0.834 
20 1.570 1.335 1.212 1.035 . 0.902 0.771 
30 1.378 1.223 1.070 0.955 0.812 0.727 
40 1.228 1.139 0.960 0.896 0.741 0.695 
50 1.127 1.075 0.884 0.851 0.692 0.669 
60 1.050 1.024 0.831 0.814 0.660 0.650 
70 0.994 0.982 0.793 0.785 0.639 0.633 
80 0.953 0.948 0.765 0.761 0.624 0.620 
90 0.921 0.919 0.742 0.740 0.610 0.609 

100 0.894 0.894 0.723 0.723 0.599 0.599 

2.5 

2.0 

: 1.5 

'1l 
~ 1.0 

0.5 

0.0 

0 20 40 60 80 100 

111Ddriii,O 

Figure 1. Experimental and calculated viscosity (q) of: <•>. water (A)+propanol (B)+ 
formic acid (C); <• ), water (A)+ 2-propanol (B)+ formic acid (C); ( + ), water (A)+ propanol 
(B)+acetic acid (C); (•), water (A)+2-propanol (B)+acetic acid (C); (o), water 
(A)+propanol (B)+propionic acid (C); (•), water (A)+2-propanol (B)+propionic acid 
(C) mixtures with mass% of water (A) at 298.15K, exp (-),calc(---). 
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J..q and Is with increasing mass% of water. These graphs also show the same trend as 
shown by the viscosity curves. 

135 Figure 3 represents the viscosities qmax, as a function of the number of carbon 
atoms for the alkanoic acids, and shows that the values of qmax decrease almost 
linearly with the number of carbon atoms. For the monoalkanol with the hydroxyl 
group at the second carbon atom, expected to be greater than primary monoalkanol, 
also decreases in the same way. Similar results were reported in earlier paper [35]. 

140 Figures 4 and 5 show the viscous synergy interaction index, Is, as a function of 
mass% of H20 and the number of carbon atoms corresponding to the monoalkanols 
with the hydroxyl group at the end of the molecular chain and the second carbon 
atom, respectively. These figures show that the synergic indices of the monoalkanoic 
acids in aqueous monoalkanols follow the order: 

A+ B + HCOOH >A+ B + CH,COOH >A+ B + CH3CH,COOH 

145 showing the same trend as J..q values and monoalkanols with the hydroxyl group 
at the second carbon atom of the molecular chain due to more symmetric nature are 
greater than those of the monoalkanols with terminal hydroxyl group. Similar results 
were reported earlier [17,35], which is an excellent agreement with the results 
obtained from the viscosity values recorded in this article. 

!50 

0 

H,C II 
~OH 

The gradual decrement of synergy interaction values from HCOOH to 
CH3CH2COOH can be explained in view of +I-dfect. -C,H5 has more +!-effect 
than -CH3 which has in tum than -H. This facilitates more interactions of HCOOH 
with unlike molecules than CH3COOH and CH3CH2COOH rendering to higher 

!55 values of synergy interaction parameters. 

3.3. Excess molar volume 

The experimentally determined density values along with the derived parameter, 
v" which is the excess molar volume, are listed in Table 4. 

The excess molar volumes, v", are calculated from density data according to the 
160 following equation [37]: 

3 

v" = r_:x,M;(!fp-!fp,) (3) 
i=l 

where M;, p1 and p are the molar mass, density of the i-th component and density of 
the mixture, respectively. 

Figure 6 represents the v" values for the six ternary mixtures under experiment. 
In general, v" is found to be negative throughout all the temperatures for all the 

165 ternary mixtures. However, the values at first decreases to a minima and then it 
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Table 3. Deviation in viscosity (liq) and viscous synergy interaction index (Is) values for the 
ternary liquid mixtures of water (A)+monoalkanols (B)+acids (C) at 298.15, 308.15 and 
318.15K. 

298.15K 308.15K 318.15K 
170 

Mass% of liq X lif liq X lif liq X lif 
H20 (mPas) Is (mPas) Is (mPas) Is 

HCOOH+I-PrOH (w/w= I: 1) 

175 0 0.178 0.110 0.138 0.101 0.106 0.091 
10 0.404 0.280 0.327 0.270 0.268 0.261 
20 0.422 0.322 0.345 0.314 0.286 0.309 
30 0.354 0.291 0.280 0.277 0.231 0.271 
40 0.267 0.234 0.208 0.220 0.171 0.216 
50 0.192 0.178 0.153 0.172 0.123 0.166 

180 60 0.136 0.132 0.107 0.127 0.087 0.124 
70 0.085 0.086 0.065 0.081 0.047 0.070 
80 0.054 0.056 0.039 0.050 0,028 0.043 
90 0.027 0.029 0.020 0.027 0.014 0.023 

100 0.000 0.000 0.000 0.000 0.000 0.000 

HCOOH + 2-PrOH (wfw= I: 1) 
185 0 0.232 0.140 0.174 0.127 0.146 0.124 

10 0.456 0.310 0.361 0.297 0.302 0.291 
20 0.510 0.382 0.409 0.372 0.339 0.362 
30 0.465 0.377 0.368 0.364 0.305 0.355 
40 0.391 0.338 0.309 0.328 0.250 0.313 
50 0.284 0.261 0.221 0.249 0.185 0.247 

190 60 0.190 0.183 0.143 0.170 0.116 0.163 
70 0.125 0.126 0.093 0.115 O.D75 0.111 
80 0.077 0.081 0.055 0.071 0.043 0.066 
90 0.040 0.043 0.023 0.031 0.019 0.030 

100 0.000 0.000 0.000 0.000 0.000 0.000 

195 
CH3COOH+ 1-PrOH (w/w= I: I) 

0 0.100 0.060 0.064 0.050 0.045 0.044 
10 0.316 0.218 0.231 0.206 0.177 0.198 
20 0.335 0.256 0.252 0.247 0.201 0.245 
30 0.246 0.204 0.183 0.193 0.144 0.188 
40 0.167 0.148 0.124 0.139 0.101 0.139 
50 0.106 0.099 O.Q75 0.089 0.058 0.083 

200 60 0.067 0.066 0.043 0.053 0.033 0.049 
70 0.032 0.033 0.022 0.028 0.016 0.025 
80 0.013 0.014 0.008 0.010 0.006 0.010 
90 0.004 0.004 0.003 0.004 0.003 0.004 

100 0.000 0.000 0.000 0.000 0.000 0.000 

205 CH,COOH+2-Pr0H (wfw= I: 1) 
0 0.135 0.079 0.087 0.068 0.063 0.061 

10 0.364 0.245 0.259 0.231 0.199 0.219 
20 0.375 0.281 0.277 0.271 0.224 0.269 
30 0.284 0.232 0.211 0.223 0.168 0.217 
40 0.202 0.176 0.150 0.168 0.117 0.160 

210 50 0.138 0.128 0.100 0.117 0.076 0.109 
60 0.088 0.086 0.062 0.076 0.048 0.072 

(Continued) 
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298.15K 308.15K 

Mass% of L'.q X io' L'.q X 102 

H20 (mPas) Is (mPas) Is 

70 0.053 0.053 0.033 0.043 
80 0.028 0.029 0.016 0.021 
90 0.012 0.013 0.006 0.008 

100 0.000 0.000 0.000 0.000 

CH3CH2COOH+ 1-PrOH (w/w= I: I) 
0 0.021 0.012 0.007 0.005 

10 0.156 0.107 0.116 0.101 . 
20 0.167 0.127 0.126 0.122 
30 0.105 0.087 O.D78 0.082 
40 0.057 0.051 0.039 0.043 
50 0.028 0.026 0.016 0.019 
60 0.015 0.015 0.008 0.010 
70 0.007 0.007 0.004 0.005 
80 0.004 0.004 0.003 0.004 
90 0.001 0.001 0.001 0.001 

100 0.000 0.000 0.000 0.000 

CH3CH2COOH + 2-PrOH (wjw =I: I) 
0 0.069 0.039 0.039 0.030 

10 0.219 0.146 0.161 0.140 
20 0.235 0.176 0.178 0.172 
30 0.155 0.127 0.114 0.120 
40 0.089 0.078 0.064 0.071 
50 0.052 0.048 0.033 0.039 
60 0.026 0.025 0.017 0.021 
70 0.012 0.012 0.008 0.010 
80 0.005 0.005 0.004 0.006 
90 0.002 0.002 0.002 0.002 

100 0.000 0.000 0.000 0.000 

OB 
05 

: 0.4 

t 0.3 

~0.2 
0.1 

OD 
0 20 4ll 60 80 

lllln'llcfH,O 

9 

318.15K 

L'.q X 102 

(mPas) Is 

0.026 0.040 
0.012 0.019 
0.005 0.007 
0.000 0.000 

0.004 0.004 
0.079 0.095 
0.092 0.119 
0.056 0.077 
0.028 0.040 
0.010 0.015 
0.005 0.007 
0.002 0.004 
0.002 0.003 
0.001 0.001 
0.000 0.000 

0.025 0.026 
0.116 0.139 
0.131 0.170 
0.085 0.116 
0.046 0.067 
0.023 0.034 
0.011 0.016 
0.006 0.009 
0.004 0.006 
0.001 0.002 
0.000 O;OOO 

100 

Figure 2. Viscosity deviation (&q) of: ( 0 ), water (A)+ propanol (B)+ formic acid (C); ( + ), 
water (A)+ 2-propanol (B)+ formic acid (C); (&), water (A)+ propanol (B)+ acetic acid (C); 
(A), water (A)+2-propanol (B)+acetic acid (C); (o), water (A)+propanol (B)+propionic 
acid (C); (o), water (A)+2-propanol (B)+propionic acid (C) mixtures with mass% of water 
(A) at 298.15K. 
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Figure 3. lJmax of the monoalkanoic acids as a function of the number of carbon atoms, 
Nc, for water (A)+ propanol (B), (-+-); water (A)+ 2-propanol (B), (---•·- ·) systems at 
298.15K. 
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Figure 4. Viscous synergy interaction index (Is) values of: (0), water (A)+propanol 
(B)+ formic acid (C); ( + ), water (A)+ 2-propanol (B)+ formic acid (C); (Ll.), water 
(A)+ propanol (B)+ acetic acid (C); (A), water (A)+ 2-propanol (B)+ acetic acid (C); 
(o), water (A)+propanol (B)+propionic acid "(C); (o), water (A)+2-propanol ·(B)+ 
propionic acid (C) mixtures with mass% of water (A) at 298.15K. 
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Figure 5. Viscous synergy interaction index (Is) of the monoalkanoic acids as a function of the 
number of carbon atoms, Nc, for water (A)+propanol (B),(-+-); water (A)+2-propanol 
(B), (---•---) systems. 
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Table 4. Comparison of the experimental densities (p) and excess molar volumes (F) for the 
indicated water (A)-soluble mixtures of monoalkanols (B) and acids(C) as a function of 
mass% at 298.15, 308.15 and 318.!5K. 

298.15K 308.15K 318.15K 

Mass% of Pe7.pX 10-J pi' X !o' Po.p x w-3 P"x 103 Pexp X 10-3 P" X 103 

H20 (kgm-'J (m3 mol-1) (kg m-3) (m3 mol-1) (kg m-3) (m3 mol-1) 

HCOOH+ 1-PrOH (wfw= I: I) 
0 o.9no -0.7570 0.9668 -0.7330 0.9565 -0.7140 

10 0.9936 -1.2320 0.9833 -1.1910 0.9733 -1.1750 
20 1.0034 -1.3010 0.9938 -1.2730 0.9842 -1.2570 
30 1.0075 -1.1620 0.9982 -1.1260 0.9873 -1.0470 
40 1:0085 -0.9620 0.9994 -0.9140 0.9875 -0.7940 
50 1.0059 -0.7060 0.9986 -0.6900 0.9878 -0.5930 
60 1.0036 -0.5020 0.9966 -0.4760 0.9881 -0.4270 
70 1.0014 -0.3330 0.9960 -0.3290 0.9883 -0.2860 
80 0.9996 -0.1980 0.9940 -0.1740 0.9885 -0.1670 
90 0.9981 -0.0870 0.9934 -0.0680 0.9888 -0.0660 

100 0.9971 0.0000 0.9941 0.0000 0.9903 0.0000 

HCOOH+2-PrOH (wfw=l:l) 
0 0.9656 -0.8390 0.9540 -0.8330 0.9437 -0.8290 

10 0.9832 -1.3040 0.9714 -1.2680 0.9610 -1.2450 
20 0.9946 -1.3810 0.9833 -1.3440 0.9734 -1.3270 
30 1.0012" -1.2730 0.9903 -1.2270 0.9807 -1.2020 
40 1.0034 -1.0560 0.9925 -0.9890 0.9841 -0.9820 
50 1.0029 -0.8090 0.9927 -0.7420 0.9851 -0.7380 
60 1.0012 -0.5770 0.9928 -0.5370 0.9860 -0.5350 
70 0.9998 -0.3890 0.9930 -0.3670 0.9869 -0.3640 
80 0.9986 -0.2340 0.9931 -0.2210 0.9878 -0.2200 
90 0.9976 -0.1040 0.9932 -0.0950 0.9886 -0.0930 

100 0.9971 0.0000 0.9941 0.0000 0.9903 0.0000 

CH3COOH + 1-PrOH (wfw= I: I) 
0 0.9120 -0.4700 0.9023 -0.4510 0.8920 -o.40oo 

10 0.9316 -1.0100 0.9219 -0.9780 0.9120 -0.9480 
20 0.9454 -1.0760 0.9360 -1.0410 0.9268 -1.0310 
30 0.9547 -0.9340 0.9456 -0.8930 0.9370 -0.8880 
40 0.9613 -0.7300 0.9526 -0.6860 0.9446 -0.6810 
50 0.9665 -0.5250 0.9595 -0.5170 0.9518 -0.5030 
60 0.9725 -0.3800 0.9665 -0.3800 0.9598 -0.3780 
70 0.9780 -0.2470 0.9720 -0.2300 0.9660 -0.2280 
80 0.9830 -0.1230 0.9777 -0.1070 0.9724 -0.1050 
90 0.9896 -0.0490 0.9847 -0.0270 0.9801 -0.0250 

100 0.9971 0.0000 0.9941 0.0000 0.9903 0.0000 

CH3COOH+2-PrOH (wfw= I: I) 
0 0.9020 --0.5590 0.8908 -0.5380 0.8800 -0.4660 

10 0.9230 -1.1210 0.9120 -1.0950 0.9020 -1.0740 
20 0.9380 -1.1810 0.9272 -1.1430 0.9175 -1.1200 
30 0.9480 -1.0100 0.9379 -0.9770 0.9288 -0.9600 
40 0.9560 -0.8050 0.9462 -0.7590 0.9375 --0.7370 
50 0.9620 -0.5800 0.9537 -0.5600 0.9456 -0.5390 
60 0.9690 -0.4240 0.9619 -0.4150 0.9538 -0.3780 

(Continued) 
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Table 4. Continued. 

298.15K 308.15K 318.15K 

Mass% of Pcxp X 10-3 J1" X io' Pexp x 10-3 v" X 103 Pap X 10-3 v" X 103 

H 20 (kgm-3) (m3 mol-1) (kg m-3) (m3 mol-1) (kg m-3) (m3 mol-1) 

70 0.9750 -0.2690 0.9686 -0.2550 0.9609 -0.2140 
80 0.9810 -o.l370 0.9760 -0.1350 0.9694 -0.1070 
90 0.9880 -0.0440 0.9840 -0.0430 0.9787 -0.0280 

100 0.9971 0.0000 0.9941 0.0000 0.9903 0.0000 

CH3CH2COOH+ 1-PrOH (w/w= I: I) 
0 0.8838 0.0160 0.8742 0.0330 0.8649 0.0450 

10 0.9040 -0.6390 0.8943 -0.6000 0.8850 -0.5760 
20 0.9195 -0.7780 0.9100 -0.7350 0.9011 -0.7180 
30 0.9313 -0.6970 0.9224 -0.6630 0.9140 -0.6510 
40 0.9413 -0.5620 0.9329 -0.5280 0.9251 -0.5210 
50 0.9500 -0.4090 0.9421 -0.3740 0.9344 -0.3530 
60 0.9590 -0.2920 0.9513 -0.2470 0.9441 -0.2260 
70 0.9670 -0.1680 0.9605 -0.1400 0.9542 -0.1270 
80 0.9760 -0.0840 0.9706 -0.0660 0.9653 -0.0630 
90 0.9860 -0.0300 0.9815 -0.0160 0.9769 -0.0140 

100 0.9971 0.0000 0.9941 0.0000 0.9903 0.0000 

CH,CH2COOH+2-PrOH (w/w= I: I) 
0 0.8742 -0.0660 0.8629 -0.0200 0.8535 -0.0170 

10 0.8960 -0.7650 0.8848 -0.7150 0.8755 -0.7060 
20 0.9127 -0.9000 0.9019 -0.8540 0.8929 -0.8440 
30 0.9256 -0.8060 0.9152 -0.7560 0.9064 -0.7360 
40 0.9360 -0.6310 0.9267 -0.6010 0.9185 -0.5870 
50 0.9455 -0.4610 0.9371 -0.4380 0.9291 -0.4120 
60 0.9554 -0.3310 0.9480 -0.3150 0.9412 -0.3090 
70 0.9642 -0.1930 0.9581 -0.1890 0.9519 -0.1820 
80 0.9743 -0.1040 0.9686 -0.0880 0.9631 -0.0820 
90 0.9843 -0.0220 0.9799 -0.0150 0.9753 -0.0130 

100 0.9971 0.0000 0.9941 0.0000 0.9903 0.0000 
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~~ -1.0 .. 
-1.2 

-1.4 

-1.6 
Mass%ofii,O 

Figure 6. Excess molar volumes (F) of:(<>), water (A)+propanol (B)+formic acid (C); 
( + ), water (A)+ 2-propanol (B)+ formic acid (C); (t.), water (A)+ propanol (B)+ acetic 
acid (C); ("-), water(A)+2-propanol (B)+acetic acid (C); (o), water (A)+propanol 
(B)+propionic acid (C); (o), water (A)+2-propanol (B)+propionic acid (C) mixtures with 
mass% of water (A) at 298.15K. 
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increases with increasing mass% of water. v" increases systematically from 298.15 to 
318.15 Kover the whole range of compositions. The six ternary mixtures show the 
minima in the range of xA = 0.4-0.5 with an exception in set (I-c, II -c) which shows 
minima at xA = 0.6. The trend is: 

A+ (B)+ CH3CH2COOH > A+ (B)+ CH,COOH > A+ (B)+ HCOOH 

250 The negative v" indicates the presence of strong molecular interaction between 
the components of the mixture. Several effects contribute to the value of v", such as 
[38]: (I) dipolar interaction, (2) interstitial accommodation of one component into 
the other and (3) possible hydrogen-bonded interactions between unlike molecules. 
The actual volume change would, therefore, depend on the relative strength of these 

255 three effects. 

3.4. Deviation in isentropic compressibility_ 

Isentropic compressibility, Ks and deviation in isentropic compressibility, K~ were 
calculated using the following relations 

Ks = 1/(ri'Pap) (4) 

3 

K~ = Ks- Lx,Ks_, 
i=l 

(5) 

260 where u and Ks are the speed of sound, isentropic compressibility of the mixture and 
Ks,1, the isentropic compressibility of the i-th component in the mixture. The 
experimental speed of sound, isentropic compressibility and deviation in isentropic 
compressibility are listed in Table 5 and are graphically represented in Figure 7 as 
a function of mass% of water. 

265 Figure 7 shows . that K~ values are negative for all the mixtures under 
investigation, and they increase as the length of the molecular chain of the 
monoalkanoic acid increases. The dono!-acceptor interactions between the mixing 
components play a pivotal role to yield negative K~ values, which are more negative 
for the lower monoalkanoic acids. However, the branched isomers have lower K~ 

270 values than their terminal counter parts, as they can fit well into the structure of the 
acids and water. Similar results were reported by some authors earlier [35,39,40]. 

4. Conclusion 

In summary, monoalkanoic acids containing up to three carbon atoms mix with 
water and monoalkanol mixture in any proportion, but the synergic interactions tend 

275 to decrease with the increase of C atoms in the chain. The monoalkanols with the 
hydroxyl group positioned at the second carbon atom accept more water and acids 
than those with the terminal hydroxyl group and their Is, values are, therefore, 
considerably higher. 

280 Nomenclature 
A: water 
B: monoalkanols 
C: acids 
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Tab!e 5. Speeds of sound (u), isentropic compressibilities (Ks) and deviation in isentropic 
compressibilities (K~) of ternary mixtures for various compositions of (A)+ (B)+ (q at 
298.15K. 

Mass% of K,; X I012 Kgx 1012 u K,; X 1012 xg x 1012 

H20 u (ms-1) (Pa-') (Pa-1) (ms-1) (Pa-') (Pa-') 

HCOOH+l-PrOH (wfw=I: I) HCOOH+2-PrOH (w/w= I: I) 

0 II41.5 785.5 2.5 III2.0 837.5 2.2 
IO I205.7 692.3 0.8 I179.1 731.6 0.5 
20 I270.5 617.4 -1.2 I247.2 646.4 -1.5 
30 1332.I 559.3 -2.8 I309.6 582.4 -3.0 
40 I384.I 5I7.6 -3.7 I366.0 534.I -3.9 
50 I425.5 489.2 -3.9 I410.6 50I.I -4.1 
60 1457.5 469.I . -3.7 1447.0 477.0 -3.9 
70 1475.3 458.8 -3.0 I471.5 461.9 -3.3 
80 I484.5 454.0 -1.9 I485.3 453.9 -2.3 
90 I491.8 450.2 -0.9 I492.8 449.8 -I.I 

IOO I497.0 447.5 0.0 I497.0 447.5 0.0 
CH3COOH+ I-PrOH (w/w= I: I) CH3COOH+2-Pr0H (wfw= I: I) 

0 I147.4 832.9 3.0 II I4.0 893.4 2.7 
10 I221.8 719.I 1.2 I19I.I 763.7 1.0 
20 1291.5 634.2 -0.7 I265.6 665.6 -1.0 
30 1356.I 569.6 -2.4 1334.I 592.7 -2.7 
40 1409.1 523.9 -3.4 1390.I 541.3 -3.6 
50 I447.5 493.8 -3.6 I433.0 506.2 -3.8 
60 I472.6 474.2 -3.3 I463.2 482.0 -3.5 
70 I484.2 464.2 -2.4 I478.3 469.3 -2.6 
80 I490.0 458.2 -1.4 I488.0 460.4 -1.6 
90 I493.0 453.3 -0.6 I493.0 454.I -0.7 

IOO I497.0 447.5 0.0 I497.0 447.5 0.0 
CH3CH2COOH + I-PrOH (wfw =I: I) CH,CH2COOH + 2-PrOH (w/w= I: I) 

0 II62.0 838.0 3.5 . II24.0 905.4 3.2 
10 I242.I 7I7.0 1.7 I208.8 763.8 I.4 
20 I3I3.3 630.6 -0.2 I284.2 664.4 -0.5 
30 1376.1 567.0 -1.9 1352.4 590.7 -2.2 
40 I427.I 521.7 -2.9 I408.0 538.9 -3.2 
50 I461.0 493.I -3.0 I446.7 505.3 -3.3 
60 1478.6 476.9 -2.5 I469.0 485.0 -2.8 
70 I487.3 467.5 -1.7 I481.5 472.5 -1.9 
80 I491.0 460.9 -0.9 I486.2 464.7 -1.0 
90 I493.0 455.0 -0.3 I493.2 455.7 -0.4 

100 I497.0 447.5 0.0 I497.0 447.5 0.0 

Is, viscous synergy interaction index 
285 v": excess molar volume 

u: speed of sound 
Ks: isentropic compressibility 

KE· s· deviation in isentropic compressibility 
x: mole fraction 

290 w: mass% 
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Figure 7. Deviation in isentropic compressibility (K!) of: (0), water (A)+propanol 
(B)+ formic acid (C); ( + ), water (A)+ 2-propanol (B)+ formic acid (C); (L\), water 
(A)+propanol (B)+acetic acid (C); (J.); water (A)+2-propanol (B)+acetic acid (C); (o), 
water (A)+propanol (B)+propionic acid (C); (•), water (A)+2-propanol (B)+propionic 
acid (C) mixtures with mass% of water (A) at 298.15K. 

Greek letters 

q: 
llcalc: 

7Ju.p: 
Aq: 

p: 
Pu.p: 

viscosity 
calculated viscosity of mixtures 
experimental viscosity of mixtures 
viscosity deviation 
density. 
experimental density of mixtures 

Acknowledgements 
The authors are grateful to the Departmental Special Assistance Scheme under the University 

300 Grants Commission, New Delhi (No. F 540/27/DRS/2007, SAP-I) for fmancial support. 
L. Sarkar is also grateful to UGC Research Fellowship in Science Ref. UGC letter No. F.4 ·I/ 
2006 (XI planfBSR) for sanctioning a Junior Research Fellowship-and providing financial aid 
in support of this research work. 

References 

305 [I] R. Beida, J.V. Hrraez, and 0. Diez, J. Phys. Chern. Liq. 42, 467 (2004). 
[2] A.N. Martin, Principios de Fisico-Quimica Para Fannacia y Biologia (Alhambra, S.L., 

Madrid, 1967). 
[3] J. Fergnson and Z. Kemblonski, Applied Fluid Rlreology (Elsevier Science Pnblishers Ltd., 

University Press, Cambridge, 1991). 
310 [4] H.A. Barnes, J.F. Hutton, and K. Walters, An Introduction to Rheology (Elsevier Science 

Pnblishers, BV, Amsterdam, 1993). 
[5] M. Garcia-Velarda, Rev. Esp. Fis. 9, 12 (1994). 
[6] A. Dar, Tecnologia Farmaceutica (Acribia, Zaragoza, 1979). 
[7] C. Faull Trillo, in Tratodo de Farmacia Go/enica, edited by S.A. Luzan (1, Madrid, 1993). 

315 [8] J. Swarbrik and J.C. Boyland, Encyclopedia of Phormaceutical Technology (Marcel 
Dekker, Inc., New York, 1993). 



3 

16 M.N. Roy et a!. 

[9] F. Ratkovics and M. Laszlo, Acta Chern. Acad. Sci. Hung. 79, 395 (1973). 
[10] S.L. Oswal and K.D. Prajatati, J. Chern. Eng. Data 43, 367 (1998). 
[II] M.N. Roy, A. Sinha, and B. Sinha, J. Sol. Chern. 34, 1319 (2005). 

320 [12] D.D. Perrin and W.L.F. Annarego, Purification of Laboratory Chemicals, 3rd ed. 
(Pergamon Press, Oxford, 1988). 

[13] A. Sinha and M.N. Roy, J. Phys. Chern. Liq. 44, 303 (2006). 
[14] A. Ali, A.K. Nain, D. Chand, and R. Ahmad, J. Phys. Chern. Liq. 43, 205 (2005). 
[15] MJ.W. Povey, S.A. Hindle, J.D. Kennedy, Z. Stec, and R.G. Taylor, J. Phys. Chern. 

325 Chern. Phys. 5, 73 (2003). 
[16] B.B. Gurnng and M.N. Roy, J. Phys. Chern. Liq. 45, 331 (2007). 
[17] J.V. Herraez and R. Beida, J. Sol. Chern. 33, 117 (2004). 
[18] C. Yang, G. Wei, andY. Li, J. Chern. Eng. Data 53, 1211 (2008). 
[19) A.M. Cases, A.C. Marigliano, and C.M. Bonatti, J. Chern. Eng. Data 46, 712 (2001). 

330 [20) D. Kumar, A. Kumar, and M. Rajendran, J. Chern. Eng. Data 48, 1422 (2003). 
[21) R. Francesconi, F. Comelli, and S. Ottani, J. Chern. Eng. Data 42, 702 (1997). 
[22) 0. Drabek and I. Cibulka, Collect. Czech. Chern. Commun. 56, 736 (1991). 
[23) J.L. Hales, H.A. Gundcy, and J.H. Ellender, J. Chern. Thermodyn. 15, 211 (1983). 
[24) F. Kohler, H. Atrops, H. Kallal, E. Liebermann, E. Wilhelm, F. Ratkovics, and 

335 T. Salamon, J. Phys. Chern. 85, 2520 (1981). 
[25] B. Sinha, V.K. Dakua, and M.N. Roy, J. Chern. Eng. Data 52, 1768 (2007). 
[26] K.N. Marsh, Recommended Reference Materials for the Realization of Physicochemical 

Properties (Blackwell Scientific Publications, Oxford, UK, 1987). 
[27] J.A. Dean, Lange's Handbook of Chemistry, lith ed. (McGraw-Hill Book Company, 

340 New York, 1973). 
[28] A. Chatterjee and B. bas, J. Chern. Eng. Data 51, 1352 (2006). 
[29] R. Chanda and M.N. Roy, Fluid Phase Equil. 269, 134 (2008). 
[30] M.N. Roy, B. Sinha, and V.K. Dakua, J. Chern. Eng. Data 51, 590 (2006). 
[31] M.N. Roy, A. Jha, and R. Dey, J. Chern. Eng. Data 46, 1327 (2001). 

345 [32] M.N. Roy and D.K. Hazra, Indian J. Chern. Tech. I, 93 (1994). 
[33] J. Pellicer, Sinergia Viscose. Ponencia en e/ Curso: Fwulamentos de Reo/ogia. Matetiales 

Viscoelasticos. Aplicaciones a Las lndustrias A/imentarias y Quimico-Farmaceuticas 
(UIMP, Valencia, 1997). 

(~4] N.K. Howell, presented ·at the Proceedings of the 7th Inteniemational Conference, 
350 Wales, 1993. 

[35] M.N. Roy and B. Sinha, J. Mol. Liq. 133, 89 (2007). 
[36] R.J. Fort and W.R. Moore, Trans. Faraday Soc. 61, 2102 (1965). 
[37] Z. Atik, J. Sol. Chern. 33, 1447 (2004). 
[38] P.S. Nikam and SJ. Kharat, J. Chern. Eng. Data 50, 455 (2005). 

355 [39) M.N. Roy and A. Sinha, Fluid Phase Equil. 243, 133 (2006). 
[40) C. Lafuente, B. Ginar, A. Vlllares, I. Gascon, and P. Cea, Int. J. Thermophys. 25, 1735 

(2004). 
[41) D.R. Lide, CSIR Handbook of Chemistry and Physics, 7th ed. (1.1. 1990-1991). 
[42) B.B. Gurnng and M.N. Roy, J. Sol. Chern. 35 (12), 1587 (2006). 

360 [43) M.T.Z. Moattar and R.M. Cegincara, J. Chern. Eng. Data 53, 2211 (2008). 



,-Provided for non-commercial research and education use. 

I,;_ 
Not for reproduction, distribution or commercial use. 

IJ 
~;,;! 
;.C.ai!M 
!i-.~: 

This article appeared in a journal published by Elsevier. The attached 
copy is furnished to the author for internal non-commercial research 
and education use, including for instruction at the authors institution 

and sharing with colleagues. 

Other uses, including reproduction and distribution, or selling or 
licensing copies, or posting to personal, institutional or third party 

websites are prohibited. 

In most cases authors are permitted to post their version of the 
article (e.g. in Word or Tex form) to their personal website or 
institutional repository. Authors requiring further Information 

regarding Elsevier's archiving and manuscript policies are 
encouraged to visit: 

http://www.elsevier.com/copyright 



Author's personal copy 

1bennochimlca Acta 496 (2009) 124-128 

lt~ 

Ui 
Studies on liquid-liquid interactions of some ternary mixtures by density, 
viscosity, ultrasonic speed and refractive index measurements 

Lovely Sarkar, Mahendra Nath Roy• 
Department of Chemistry, North BtngW Universizy, Daljeelfng 734013, India 

ARTICLE INFO ABSTRACT 

Artide history: 
Received 1 April2009 
Received in revised form 1 5 July 2009 
Accepted 20 july 2009 
Available online 28 july 2009 

Keywords: 
Excess molar volumes 
Viscosity deviations 
Isentropic compressibilides 
Refractive indices 

lbe excess molar volumes, v£, and viscosity deviations. 6.q, were calculated from the measured den
sity and viscosity data over the whole compositicm range for the tefnary systems of 1.3-dioxolane (DO), 
dichloromethane (DM)+TDethyl acetate (MA), ethyl acetate (EA). propyl acetate (PA), butyl acetate (BA) 
and isoamyl acetue (lA) at 298.15 K. From the experimental observations the speed of sounds and refrac
tive indices of these temacy mixtures have been measured over the entire range of composition at the 
same temperature.Also the isentropic compressibility, deviation in isentropic compressibility and devi
ation in molarrefraction have been evaluated. The excess or deviation properties were found to be either 
negative or positive depending on the molecular interactions and the nature of liquid mixtures. 

Alkyl acetates 

1. Introduction 

Densities and viscosities of liquids and liquid mixtures are 
essential for many engineering and industrial applications. The 
mixture functions such as the excess molar volume (Vf), the viscos
ity deviation (AIJ), deviation in isentropic compressibility (AKs). 
and deviation in molar refraction (AR), are often used to describe 
the intermolecular forces in mixtures to help us understand their 
real behavior and to develop models for their description as well 
as simulation processes. Therefore, over the years, studies on mul
ticomponent liquid systems have attracted the attention of many 
researchers (1-6]. 

To the best of our knowledge, the properties of mixtures of these 
liquids have not been reponed earlier. In the present paper, we 
repon density (p), viscosity (IJ), speed of sound (u) and refractive 
index (no) for the ternary systems consisting of 13-dioxolane (DO), 
dichlo~omethane (DM)+methyl acetate (MA), ethyl acetate (EA), 
propyl acetate (PA), butyl acetate (BA) and isoamyl acetate (lA) 
at 298.15 K and atmospheric pressure over the entire composition 
range. The experimental data are used to calculate excess molar 
volumes (vE), deviations in viscosity (.6.1J), deviations in isentropic 
compressibility (AKs) and deviation In the molar refraction AR of 
the mixtures at 298.15 K under atmospheric pressure. 

• Correspondlngozuthor. Tel: +91 353 2n63Bt; fax: +91 3S3 2699001. 
E-mail address: mabendmoy2002@yahoo.coJn (MN. Roy). 

004D-6031/S - see fronr matter 02009 Elsevier B.V. All rights reserved. 
dol:tO.l 016/j.tca.2009D7 Dll 

0 2009 Elsevier B.V. All rights reserved 

2. Experimental 

2.1. Chemicals 

High-purity spectroscopic and analytical grade samples of DO, 
MA. EA. PA. BA and lA were procured from S.D. Fine Chemicals Ud., 
Mumbai, India. OM was purchased rrom Sisco Research Laborato
ries Pvt. Ltd., Mumbai, India. All the samples were used without 
further purification because their purities exceeded 99% as tested 
by gas chromatography (HP 6890 series) using a flame ionization 
detector with a packed column. DM (A.R.) was rractionally distilled 
over caldum oxide, and the middle colorless fractions were col
lected. Experimental values of 1J and· n0 of the pure liquids are 
compared in Table 1 (7-12] at 298.15K and these values agree 
well with the published results. Mixtures were prepared by mass 
in spedal1y designed glass stoppered bottles and were used on the 
same day. The weights were taken on a Mettler electronic analytical 
balance (AG285). 

22. Measurements 

Densities were measured with an Ostwald-Sprengel-type pyc
nometer having a bulb volume of about 2S cm3 and an internal 
diameter of the capillary of about 0.1 em. The pycnometer was 
calibrated at 298.15 K with doubly dJstiUed water. The pycnome
ter with experimental liquid was equilibrated in a glass-walled 
thermostated water bath maintained at ±0.01 K of the desired 
temperature. The pycnometer was then remOved from the ther
mostlt properly dried, and weighed in an electronic balance with 



Author's personal copy 

L Sarkar, M.N. Roy/ Thmnochimim Acta 49& (2009) 124-128 125 

T~let 
Physical properties of pure solvents at 298.15 K. 

a precision of ±0.01 mg. Adequate precautions were taken to avoid 
evaporation losses during the time of measurements. An average 
of triplicate measurement was taken into account The estimated 
uncertainty for vE is within 0.001-0.014cm3 mot-1• The details of 
the methods and measurementtechniques had been described ear-
lier{l3]. · 

The viscositywas measured by means of a suspended Ubbelohde 
type viscometer, calibrated at 298.15 K with triply distilled water 
and purified methanol using density and viscosity values from the 
literature {14,15]. The flow times were accurate to ±0.1 s, and the 
uncertainty in the viscosity measurements, based on our work on 
several pure liquids, is ±0.003 mPa s. The details of the methods 
and techniques have been described earlier (13]. 

Speeds of sound were determined by a multi-frequency ultra
sonic interferometer (Mittal Enterprise, New Delhi) working at 
1 MHz, which was calibrated with water, methanol and benzene at 
298.15 K. The precision of the speed measurements was ±0.2 m s-1• 
The details of the methods and techniques have been described 
earlier [16). 

The refractive indices of pure liquids and their binary mixture 
were measured by using a thermostated Abbe refractometer. The 
refractometer was calibrated by measuring the refractive indices 
of triply distilled water and toluene at desired temperatures. The 
values of refractive indices were obtained using sodium D light The 
uncertainty of refractive index measurements was within 0.0002. 
Ail measurements described above were performed at least three 
times at atmospheric pressure and an average of at least three 
measurements was calculated for each temperature. 

3. Results 

The experimentally determined density values along with the 
excess molar volumes, I;£ are listed in Table 2. The excess molar 
volumes, vE, are calculated from density data according to the fol
lowing equation [17): 

v' ~ t x1M.(! - .!. ) 
1=1 P Pi 

(I) 

where pis the density of the mixture and M,, x,, and p,, are the 
molecular weight, mole fraction, and density of the (th component 
in the mixture, respectively. 

In Table 2, the experimentally determined viscosities, speeds 
of sound, isentropic compressibilities, refractive indices and molar 
refractivities of the ternary mixtures are presented along with the 
mole fraction of DO, "A• and OM, x8, at the experimental tempera
ture. Quantitatively, as per the absolute reaction rates theory (18], 
the deviations ofviscosities can be calculated as 

' ll.~ ~ ~- L:)··~·l (3) 

where '1 is the dynamic viscosity of the mixture and x1 and q1 are 
the mole fraction and viscosity of the ith component in the mixture, 
respectively. 

Isentropic compressibilities (Ks). and the deviations in isen
tropic compressibilities (dKs). are calculated from the experimen
tal densities (p), and speeds of sound (u), using the following 
equations (19] 

I 
Ks ~ (u'p) 

' 
dKs = Ks = 2:)x;Ks,;) 

i=l 

(5) 

(6) 

where u is the speed of sound of the mixture andx1 and Ks.l are the 
mole fraction and isentropic compressibility of the ith component 
in the mixture, respectively. 

The molar refractivity(R) is calculated using the Lorentz-Lorenz 
equation (20) 

R~ [(nD'-tJ] V 
(no2 +2) 

(7) 

where no and Vbeing the refractive indices and the molar volume, 
respectively. 

The deviation in the molar refraction dR was calculated on a 
mole fraction basis as suggested by Brocos et al.(21] 

' 
ll.R=R- I:;(x;R;) (8) 

where R is the molar refraction of the mixture and x1 and R1 are 
the mole fraction and molar refraction of the ith component in the 
mixture, respectively. 

4. Discussion 

A perusal ofTable 2 shows that for the studied temacy systems 
of DO+ OM +alkyl acetates, the vE values are shifted from positive 
to negative as the alkyl chain length of the alkyl acetates increases. 
The negative 1;£ values may be attributed to specific interactions 
[22,23) among the mixing components In the mixtures, the positive 
values often suggest dominance of dispersion forces {22,23) among 
them. Therefore, spedfic interactions for the alkyl acetates in the 
studied ternary systems with DO and OM follow the order 

IA>BA>PA>EA>MA 

Fig. 1 represents the excess molar volume, ve. for the five ternary 
mixtures under taken as a function of mole fraction ofDO,xA. The 
investigated ternary mixtures show the minima at the mole fraction 
range,XA -0.6-0.7. The vE values shirt from positive to negative as 
the amount of DO increases in the mixture, which indicates unlike 
molecular interactions in this system for all the ternary mixtures. 
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tmlez 
Experimental densldes(p) and excess molar volumes (Vi). experimental vlscoslties(IJOKP}. speeds of sound (u),lsentn:lplccompressibilities (Ks). refractiw indices (no) and 
molar refnctivities (R) of ternary mixtures of 1,3-d!oxolane+ dlchloromethane+ alkyl acetates at 298.15 K. 

This may be due to the differences in molecular sizes of the compo
nents ofthemixtures,dipole-dipole type forces 124] resulting from 
the polarisability of ester molecules by the dipoles of the liquid 
components 125] of the mixtures and donor-acceptor interaction. 

Table 2 also shows that the values of experimental viscosities. 
FJexp. increase with increasing of carbon chain length of the alkyl 
acetates in the ternary mixtures and are depicted in Fig. 2a as a 

function of the mole fraction of DO,XA. The 'Jexp, values are varied 
almost linearly with the mole fraction ofDO,XA and also the exper
imental viscosities are higher than the theoretical viscosities. The 
order it follows is 

DO + DM + lA > DO + DM + BA > DO + DM + PA > DO 

+DM + EA > DO+ DM + MA 
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Fig. 1. Excess molar volumes, 1fE, of: ( t) 1,3-dloxolane +dichloromethane +methyl 
acetate; (.1.} 1,3-dioxolane +dichloromethane +ethyl acetate; (D) 1,3-dioxolane 
+dlchloromethane +propyl acetate;(+) 1,3-dioxolane +dichloromelhane +butyl 
acetate; (.6.) 1,3-dioxolane +dichloromethane +isoamyl acetate mixtures with mole 
fraction of 1,3-dioxolane,xA, at 298.15 K. · 
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fl&:Z. (a)lbeoretical (---)and experimental (-)viscosities. q, or: ( t) 1..3-dloxolane 
+dlchJorometbane +metbyl acetate; (.t.) 1.3-dloxolane +dicblorometbane +ethyl 
acetate; {CJ) t,J..dioxolane +dichloromethane +propyl acetate;(+) t,'J.dioxolane 
+ dlchlorometba:ne +butyl acetate; (l!.) 1.3-dioxolane + dlchloromelhane +isoamyl 
acetate mixtures with mole fraction of 1,3-dioxolane, x", at 298.1SK. (b) Viscosity 
deviation, 41}, of: (t) l,J.dioxolane +dlchloromethane +melhy! acetate; (.t.) 1.3-
dloxolane + dlcbioromethane +ethyl acetate; (0) 1,3-dioxolane + dichloromethane 
+propyl acetate; (+) 1,J.dloxo1ane +dicbloromethane +butyl acetilte; (t.) 1.3-
dloxolane +dichloromethane +isoamyl acetate mixtures with mole f'ractlon of 
1,3-dioxolane, x", at 298.15 K 
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Fig. l. Deviation in isentropic compress~Dility, 6Ks, of: (t) 1,3-d.ioxolane 
+dichloromethane +methyl acetate: {.t.) 1,3-dioxolane +dlchloromethane +etbyl 
acetate: (D) 1,3-dloxolane +dlchloromethane +propyl acetate;(+) 1.3-dioxolane 
+ dichloromethane +butyl acetate: (to) 1.3-dioxolane + dichloromethane +isoamyl 
acetate mixtures with mole fractiOn of 1,3-dioxolane, x,.,, at 298.15 K 

As far as A11values are concerned, it is positive for all the studied 
tematy systems over the entire composition range at the experi
mental temperature. A perusal offig:2b shows that the .6.11 values 
become more positive as the chain length of the alkyl acetates 
increases. The negative values imply the presence of dispersion 
forces [26} among the mixing components in the mixtures, and the 
positive values may.be attribute!! to the presence of specific inter
actions [261 among them. The ll.JI values have been compared for 
the alkyl acetates with increasing C-chain length which follow the 
trend 

00+~+~>00+~+M>00+~+M>OO 

+DM + EA >DO+ OM+ MA 

This may also be ascribed due to the complex formation between 
free electrons of the oxygen and chlorine, different polarisabilities 
of alkyl acetates, different molar volumes and dipole-dipole inter
action. Thus it supports the earlier results obtained from the vE 
values. 

The Ms values are shifted from positive to negative for all the 
ternary mixtures over the entire range of compositions at298.15 K. 
and the deviations in isentropic compressibility, ll.Ks. have been 
plotted against mole fraction of DO, XA, for the ternary mixtures at 
298.15 Kin Fig. 3 . 

The observed values of Ms can be qualitatively explained 
by considering the factors, namely (i) the mutual disruption 
of associates present in the pure liquids, (ii) the formation of 
weak bonds- by due to dipole-dipole and dipole induced dipole 
[27-291 interaction between the molecules resulting in the for
mation of electron-transfer complexes and (iii) geometrical fitting 
of component molecules into each oth~r structure. The first fac
tor contributes to positive ll.Ks values, whereas the remaining two 
factors lead to negative ll.Ks values. 

It is seen that the strength of interaction for the alkyl acetates 
in studied ternary systems with DO and OM follows the order: 

IA>BA>PA>EA>MA 

The dependence of molar refraction, .O.R on mole fraction,xA of 
DO at 298.15 K is displayed in Fig. 4.1t is observed that. for all the 
mixture AR is negative over the whole of the mixture composition 
and the trend is just reverse ofvE, i.e., the positive ARvalues follow 
the order 

00+~+~>00+~+M>00+~+M>00 

+DM + EA > DO+ DM + MA 
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... 
Fig.4. Deviation in molar refraction (.llR) or: (t), 1,3-dioxolane+dlthloromethane 
+methyl acetate; (4). 1,3-d.ioxolane+dlchloromethane+ethy! acetate; (D), 1.3-
dioxolane + dichloromethane+ propyl acetate; ( +), 1,3-dioxolane+dithloromethane 
+butyl acetate and (.t..). 1,3-dioxolane + dlcbloromethane+ isoamyl ar:etate mixtures 
with mole fraction of1.3-dioxolane,XA., at 298.15 K. 

The negative LlR values decrease systematically with decreas
ing size of the molecules, i.e .. from lA to MA. Such values may be 
due to the electronic perrurbation of the individual molecules dur
ing mixing and therefore, depend very much on the nature of the 
mixing components. 

5. Conclusion 

The investigated mixtures were chosen in order to obtain 
infonnation about the molecular interactions between their 
components. Mer a thorough study of the behavior of 1,3-
dioxolane+dichloromethane+alkyl acetates J1).ixtureS, we get a 
clear idea about the type and extent of molecular interactions 
occurring between the mixture components. The strength of 
interaction of alkyl· acetates with 1,3-dioxolane+dichloromethane 
mixtures increase with the increasing chain length of the alkyl 
acetates. The results found in the investigated systems are in accor
dance with the usual discrepancy in size, polarity of the solvents 
and donor-acceptor interaction of the components. 

List of symbols 
xA Mole fraction of 1,3-dioxolane 
x8 Mole fraction of dichloromethane 
p Density 
vE Excess molar volume 
1l Viscosity 
J]exp Experimental viscosity of mixture 
ll.1] Deviation in viscosity 

u Speed of sound 
Ks Isentropic compressibility 
.6.Ks Deviation in isentropic compressibility 
n0 Reftactiveindex 
R Molar refractivity 
.6.R Deviation in molar refractivity 
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