
: . ~ -· . '~ 

vi 

List of Publications 

1. Thermodynamics and Transport Behavior of Non Aqueous Binary 

Mixtures of Benzene with Carbontetrachloride and Chloroform at 

Different Temperatures. J. Indian Chem. Soc., 81, 330-334 (2004). 

2. Physico-Chemical Studies on the Solute-Solvent Interactions and 

Ultrasonic Speed of Resorcinol in 2-Methoxyethanol and 

Tetrahydrofuran at Different Temperatures. J. Tech. Res. Chem., 

11(2), 7-17 (2005). 

3. Study of Densities, Viscosity Deviations, and Isentropic 

Compressibilities of Ternary Liquid Mixtures of Water and Ethane-

1, 2-diol with Some Monoalcohols at Various Temperatures. J. of 

Physics and Chemistry of Liquids, 1-13 (2006). 

4. Study of Densities, Viscosities and Ultrasonic Speeds ·of Binary 

Mixtures Containing 1, 2-Dimethoxyethane and Alkan-1-ol at 298.15 

K. Accepted for Publication in J. Solution Chemistry, Acceptance 

letter enclosed. 

5. Study of Some Metal Halides in Glycerol + Water 

Mixtures. Accepted for Publication in International J. of Thermo­

physics. Acceptance letter enclosed. 



-t.-

i' 

d!',: ·'J !1 :. 

1
; 

1

'·.::;\,, 
1 '' !·· .,,,: r i '' 1 ·,:·1 r 1 

J, Indian Chem. Soc., NOTE 
Vol. 81, April 2004, pp. 330-334 
'.' 

Thermodynamic and transport behavior of non-aqueous binary mixtures of 
',,\'111 . , , . 

, .•benzene with carbontetrachloride and chloroform at different temperatures 
. I·. . 

. Bhoj Bahadur Gurung, Ankan Choudhury and Mahendra Nath Roy* 
, : ~~' · t. ) .

1 
, • , '·II 

Department of C~emistry, University of North Bengal, Darjeeling-734 430, India 

E-mail_: mahendraroy2002@yahoo.co.in Fax: 91-0353-2581546 

.Manuscript rec·eived 12 May 2003, revised 26 September 2003,accepted 16 October 2003 

n· .. , D,,en~ity .. and visco.~ity of pure benzene and its binary mixtures with carbontetrachlorlde and chloroform have hccn­
,_,1 .. ,. meas~red_ as a function of composition over the entire range at 298, 308 and 318 K. The excess volume, exl·css 

_viscosity, excess free energy of activation of viscous flow and interaction parameter of Grunberg and Nissan have 

,·_ been calculated from the experimental data as a function of composition. All the excess functions arc found to 
be either negative or positive over the entire range of composition depending on the molecular interactions and 
the nature of liquid mixtures. These properties arc discussed in terms of nature of the molecular interactions 

between the component molecules. 

In continuation of our earlier study1•2 on binary systems, 
we now report here the density and viscosity data of binary 
mixtures formed by benzene, carbontetrachloride and 
chloroform at various temperatures. There has been a 
recent upsurge of interest3- 5 in the thermodynamic 
properties of binary liquid mixtures. These have been 
extensively used to obtain information on the intermolecular 
interactions and stereochemical effects in these systcms5. 

The various thermodynamic properties such as excess 
molar volum~ (VE), excess viscosity (11E) etc. obtained 
from experimental observations have been rationalised. 
The main aim of the study is to correlate the data with the 
nature and type of interactions between the mixing 
components. In this paper the nature of various types of 
interactions in these binary systems are discussed. 

Results and discussion 

The excess functions vE, 11E, G*E and d were calcu­
lated from the experimentally determined p and 11 using 
equations9 (1-4). 

vE = V- (X1 V1 + X2 V2) ( l) 

l']E = l']- (XJ11J + X2112) (2) 

G*E = RT (In 11V- X 1 In 11 1 V1 - X2 In l']2 V2) (3) 

In 11 = X1 In 11 1 + X2 In 112 + X1X2d (4) 

where X, V and YJ represent mole-fraction, molar volume 
and viscosity respectively, and subscripts I, 2 represent 
the pure components. The values of these functions and 
dare recorded in Table 1 along with the values of p, 11 and 
mole fraction. The molar value (V) of pure liquid/mixture 

Table 1. Density (p), viscosity (11). excess viscosity (rtE), volume (\1), excess volume (0'), excess free energy of activation of viscous llow 
(G*E), interaction parameter (d) and mole-fraction of benzene (X t) with carbontetrachloride and chloroform at 298, 308 and 318 K 

XI p rt x!0311E V x102 \ft! X 10-7 G*E d 

0.00000 

0.18899 

0.27013 

0.34397 

0.47336 

0.58302 

0.63181 

0.67714 

g cm-3 Cp Cp cm3 mol- 1 cm3 mol- 1 ergs mol-l 

Benzene + carbontetrach1oridc 

at 298 K 

1.58522 0.91284 0.000 103.34212 0.000 0.00000 

1.47057 0.88139 25.045 . 100.38398 -34.129 94.29401 

1.41938 0.86261 30.521 99.10473 -49.704 117.82761 

1.37121 0.84496 34.941 97.97036 -60.898 136.97908 
' -I ...... 

1.28305 0.80843 37.092 96.05881 -72.894 151.95467 

1.20449 0.77512 36.565 94.52053 -74.881 154.57804 

1.16821 0.76013 36.161 93.87636 -71.741 154.59647 

1.13395 0.74553 35.112 93.28686 -67.925 151.64939 

I{ l'•·/ 1,"1j jl, I·' 'If; I ,I f I ••I .,, I I· I 
I I r 

·------.......... _ . "~ --~ -~ . 

0.00000 

0.26041 

0.25647 

0.26228 

0.26604 

0.27868 

0.29049 

0.30264 
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0.71937 

0.75880 

0.83033 

0.89349 

0.92239 

0.94969 

1.00000 

0.00000 

0.18899 

0.27013 

0.34397 

0.47336 

0.58302 

0.63181 

0.67714 

0.71937 

0.75880 

0.83033 

0.89349 

0.92239 

0.94969 

1.00000 

0.00000 

0.18899 

0.27013 

0.34397 

0.47336 

0.58302 

0.63181 

0.67714 

0.71937 

0.75880 

0.83033 

0.89349 

0.92239 

0.94969 

1.00000 

0.00000 

0.14517 

0.21242 

0.27646 

0.39577 

1.10169 

1.07101 

1.01433 

0.96332 

0.93950 

0.91652 

0.87278 

1.57396 

1.45826 

I .40632 

1.35777 

1.26961 

1.19190 

1.15613 

1.12262 

1.09072 

1.06055 

1.00479 

0.95465 

0.93123 

0.90897 

0.86726 

1.55478 

1.43995 

1.38848 

1.34047 

1.25355 

1.17693 

1.14176 

1.10857 

1.07721 

1.04756 

0.'19266 

0.94326 

0.92030 

0.89801 

0.85743 

1.47393 

1.37566 

1.33167 

1.29010 

1.21502 

0.73086 

0.71756 

0.69173 

0.66704 

0.65666 

0.64245 

0.61391 

0.78877 

0.75179 

0.73548 

0.72016 

0.69188 

0.66515 

0.65237 

0.63913 

0.62697 

0.61585 

0.59394 

0.57527 

0.56608 

0.55730 

0.53951 

0.67879 

0.64829 

0.63458 

0.62170 

0.59903 

0.57748 

0.56648 

0.55655 

0.54690 

0.53731 

0.52092 

0.50531 

0.49921 

0.49204 

0.47876 

0.54268 

0.54309 

0.54573 

0.54783 

0.55323 

33.061 

31.547 

27.101 

21.292 

19.551 

13.502 

0.000 

0.000 

10.123 

14.044 

17.126 

21.098 

21.704 

21.088 

19.145 

17.509 

16.219 

12.140 

9.216 

7.221 

5.251 

0.000 

0.000 

7.301 

9.823 

11.711 

14.922 

15.311 

14.066 

13.209 

12.006 

10.304 

8.221 

5.242 

4.926 

3.221 

0.000 

Note 

92.73280 

92.23338 

91.34345 

90.56053 

90.22011 

89.92904 

89.49563 

at 308 K 

104.08143 

101.23160 

100.02518 

98.94018 

97.07574 

95.51904 

94.85476 

94.22843 

93.66561 

93.14384 

92.21036 

91.38292 

91.02143 

90.67660 

90.06526 

at 318 K 

I 05.36539 

102.51830 

101.31017 

100.21725 

98.31969 

96.93410 

96.05098 

95:42202 

94.84031 

94.29805 

93.33758 

92.48625 

92.10301 

91.74340 

91.09782 

-64.857 

-60.202 

-50.151 

-40.989 

-35.015 

-26.321 

0.000 

0.000 

-20.091 

-27.006 

-32.011 

-37.100 

-39.068 

-37.111 

-36.209 

-33.301 

-30.212 

-23.302 

-17.520 

-13.162 

-9.381 

0.000 

0.000 

-15.066 

-20.112 

-24.052 

-29.200 

-31.30 I 

-30.002 

-28.223 

-26.142 

-24.111 

-18.102 

-13.121 

-10.212 

-7.222 

0.000 

Benzene + chloroform . • ., ' ;• f, I . { I .d i 

at 298 K 

0.000 80.99435 0.000 

-9.93046 

-12.085 

-14.542 

-I 7.645 

82.42514 

83.06369 

83.69168 

84.81081 

19.666 

26.350 

34.707 

45.191 

144.21095 

138.13864 

119.08712 

92.30070 

82.81818 

57.17201 

0.00000 

0.00000 

59.75659 

81.85908 

99.19281 

121.66077 

126.64292 

124.61643 

116.02392 

I 08.20761 

I 0 1.0311;<) 

7R.53985 

58.49386 

45.91814 

32.83340 

0.00000 

0.00000 

53.16862 

71.42070 

85.0894<) 

I 05.54218 

109.09294 

103.31145 

98.46345 

91.27643 

80.90671 

65.47513 

43.40566 

38.10922 

25.2 I 784 

0.00000 

0.00000 

-35.00007 

-41.04441 

-48.27207 

-57.01902 

Ta/J/1'-1 (mnld.) 

0.31229 

0.32958 

0.36937 

0.42818 

0.51028 

0.53333 

0.00000 

0.00000 

0.15504 

0.16559 

0.17568 

0.19546 

0.20969 

0.21540 

0.21416 

0.21 (,22 

0.22255 

0.22483 

0.24929 

0.2S978 

0.27908 

0.00000 

0.00000 

0. 1:1052 

0.13673 

0.142R3 

0.1 (,14S 

0.172:16 

0.17067 

0.17310 

0.17384 

0.17931 

0.17S61 

0.17642 

0.20580 

0.20504 

0.00000 

0.00000 

-0.13819 

-0.12.111 

-0.12.12.1 

-0.12713 
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0.50468 

0.55565 

0.60449 

0.65132 

0.69628 

0.78100 

0.85942 

0.89649 

0.93223 

1.00000 

0.00000 

0.14517 

0.21242 

0.27646 

0.39577 

0.50468 

0.55565 

0.60449 

0.65132 

0.69628 

0.78100 

0.85942 

0.89649 

0.93223 

1.00000 

0.00000, 

0.14517 

0.21242 

0.27646 

0.39577 

0.50468 

0.55565 

0.60449 

0.65132 

0.69628 

0.78100 

0.85942 

0.89649 

0.93223 

1.00000 

1.14903 

1.11897 

1.09040 

1.06339 

1.03783 

0.99060 

0.94773 

0.92827 

0.90900 

0.87278 

1.45991 

1.36404 

1.32082 

1.28021 

1.20681 

l.l4181 

1.11210 

1.08396 

1.05741 

1.03208 

0.98514 

0.94241 

0.92254 

0.90331 

0.86726 

. 1.44510 

1.35045 

1.30799 

1.26810 

1.19539 

1.13083 

1.10122 

1.07319 

1.04665 

1.02139 

0.97442 

0.93182 

0.91193 

0.89298 

0.85743 

0.55904 

0.56204 

0.56598 

0.57025 

0.57512 

0.58438 

0.59431 

0.60021 

0.60443 

0.61391 

0.48812 

0.49175 

0.49388 

0.49580 

0.50010 

0.50495 

0.50767 

--0.51083 

0.51360 

0.51680 

0.52247 

0.52821 

0.53113 

0.53355 

0.5395 I 

0.44869 

0.45096 

0.45198 

0.45319 

0.45577 

0.45873 

0.46020 

0.46177 

0.46347 

0.46517 

0.46854 

0.47202 

0.47383 

0.47552 

0.47876 

is calculated using the foJiowing equation. 

V= Mlp 
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-19.593 

-20.216 

-19.754 

-18.827 

-17.156 

-13.935 

-9.584 

-6.326 

-4.654 

0.000 

85.76952 

86.19365 

86.60387 

86.98563 

87.34018 

87.97603 

88.539.54 

88.74784 

89.00548 

89.49563 

at 318 K 

0.00000 81.77216 

-3.83029 

-5.15374 

-6.52721 

-8.35961 

-9.10254 

-9.00564 

-8.35240 

.:..7.98992 

7.04568 

-5.78559 

-4.07559 

-3.06210 

-2.47300 

0.00000 

83.12732 

83.74621 

84.33843 

85.38522 

86.31221 

86.72594 

87.11829 

87.47791 

87.82682 

88.46250 

89.03923 

89.29913 

89.56693 

90.06526 

at 318 K 

0.00000 82.64394 

-2.10021 

-3.09654 

-3.81023 

-4.82001 

-5.13224 

-5.20051 

-5.10005 

-4.80221 

. -4.45623 

-3.63297 

-2.51106 

-1.82231 

-1.20011 

0.00000 

83.96374 

84.56712 

85.14341 

86.20360 

' :37 .I 5039· 

87.58315 

87.99255 

88.37682 

88.74631 

89.43625 

90.05024 

90.38824 

90.60279 

91.09782 

48.474 

47.556 

47.058 

45.423 

42.656 

34.218 

23.902 

13.218 

8.598 

0.000 

0.000 

15.125 

21.243 

27.356 

33.090 

35.469 

34.572 

33.303 

30.429 

28.034 

21.343 

13.981 

9.229 

6.369 

0.000 

0.000 

9.255 

12.741 

16.231 

21.387 

1·- J• • ,2~.98,6 

24.181 

23.829 

22.670 

21.610 

18.983 

14.087 

11.548 

7.789 

0.000 

7/zb/e-1 ( nmtd.) 

-63.49582 ...:o.I30I7 

-66.19287 -0.13558 

-64.12_259 -0.13599 

'-60.49306 

-54.20199 

-43.49345 

-29.47952 

.-19.47952 

-14.69747 

0.00000 

0.00000 

-12.05804 

-15.86915 

-20.14491 

. -26.53942 

-29.03089 

-28.70186 

-25.85351 

-25.04433 

21.29448 

-17.85518 

-12.73463 

-9.82571 

-8.51867 

0.00000 

0.00000 

-7.0465f 

-10.99165 

-13.44011 

-16.89676 

I I _
1 
-1,7.62623 

-17.93445 

-17.55326 

-16.40578 

-14.98282 

-11.76751 

-7.75642 

-5.09829 

-3.28636 

0.00000 

-0.13550 

-0.13152 

-0.13031 

-0.12506 

-0.10564 

-0.11404 

0.00000 

0.00000 

-0.05739 

-0.0569K 

-0.06030 

-0.06427 

-0.06649 

-0.06622 

-0.06288 

0.06303 

0.05908 

-0.05947 

-0.05873 

-0.05704 

-0.06845 

0.00000 

0.00000 

-0.04004 

-0.03869 

-0.03976 

-0.04189 

-0.04243 

.:.0.04340 

-0.04382 

-0.04333 

-0.04301 

-0.04310 

-0.04187 

-0.03919 

-0.03790 

0.00000 

where M is the molecular weight and for mixture is given 
by X1M1 + X2M2• 

(S) F10m Table I, it is found that the value of vE for 

-+ 
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Table 2. Physic:~! properties or benzene, carhontctmchloridc and 
chloroform 

TIK p/.g cm-3 Tj/Cp 

This Work" Lit. This work' Lit. 

Benzene 

298 0.87278 0.87278" 0.61391 0.61391" 

308 0.86726 0.86716° 0.5:\951 0.53950" 

318 0.85743 0.85742" 0.47876 0.47876" 

Carbontctrachloridc 

298 1.58522 1.58522" 0.91284 0.91284" 

308 1.57396 1.57396" 0.78877 0.78877" 

318 1.55478 1.55479° 0.67879 0.67879" 

Chloroform 

298. 1.47393 1.47393 0.54268 0.54628" 

308 1.45991 1.45990 0.48812 0.48812" 

3I8 I .44451 1.44452 0.44869 0.44868" 
0 Refs. =I. 9. 

benzene and carbontetrachloride mixture is negative where 
it is positive for benzene and chloroform mixture at vari­
ous temperatures over the entire composition. The tiega­
tive value of vE indicates that the main contribution to vE 
is the decrease in volume due to hydrogen bond forma­
tion between unlike molecules6. There may be another 
source of negative contribution to vE_from the difference 
in size and shape of component molecules in the mixture. 

. The molar volume of benzene is much smaller than that 
of carbontetrachloride shown in Table 1. Because of ap­
preciable difference in the molar volumes of the compo­
nents, benzene will fit into the structures of the carabon­
tetrachloride. molecule thereby reducing the volume of the 
mixture7. Muller8 made a similar report from the vE stud-
ies of binary liquid mixtures. , . 

The observed positive value of vE for benzene and 
chloroform mixture over the entire composition range 
shown in Table I indicate the mutual dissociation of the 
component molecules. Because of the small difference in 
the molar volumes of the components, benzene will not 
fit into the structure of chloroform thereby increasing the 
volume of the mixture. 

A correl~tion between the sign of YjE and vE has been 
observed for a number of binary solvent systems9,IO, i.e. 
if YjE is positive then vE is negative and vice versa. In the 
present observation this is found to hold good which is 
evident from Table 1. 

The value of G*E for the mixture of benzene + 
carbontetrachloride is positive whereas it is negative for 

.the mixture of benzene+ chloroform (Table l). This indi" 

cates that inter molecular complex is formed between 
benzene ami earbontetrachluridc through 11-bomling and 

this is not favourable in the mixture of benzene and chlo­

roform. Subha et a/. 6• 11 made a similar observation from 
their G*E studies for the mixtures of propionic acid and 
alcohols. 

The positive value of Grunberg and Nissan parameter 
(d) gives an indication of specific hydrogen bonding in­
teraction12 between unlike molecules. This parameter d 

is found to be positive in the mixture of benzene and 
carbontetrachloride and negative in case of benzene and 
chloroform mixture (Table I). This indicates that there is 
formation of inter-molecular complexes between benzene 
and carbontetrachloride through H-bonding in their mix­
ture whereas such complex formation is not favourable 
in the mixture of benzene and chloroform. These conclu­
sions are in excellent agreement with that drawn from 
G*E values as reported6·11 earlier. A similar result was 
reported 13 by the workers in the case of thermodynamic 
studies of formamide with various glycols at 308 K. 

Experimental 

Extrapure A.R. grade AN, benzene; chloroform and 
carbontetrachloride procured from Sisco Research Labo­
ratories, Mumbai, were purified further as described ear­
lier14. 

The densities (p) were measured with an Ostwald­
Sprengel type pycnometer having a bulb volume· of 25 
cm3 and an internal diam.eter of the capillary of about 0.1 
ern. The pycnometer was calibrated at (298, 308 and 318) 
K with doubly-distilled water and benzene. The pycno­
meter with the test solution was equilibrated in a water 
bath maintained at ±0.01 K of the desired temperature by 
mc;an~ of" .a, ll}ery11ry 

1
gl,ass themorcgulator and the tem­

perature was determined by a calibrated' thermometer and 
Muller bridge. The p,ycnometer was then removed from 
the thermostatic bath, properly dried and weighed. The 
evaporation losses remained insignificant during the time 
of actual measurements. An average of three measure­
ments were taken into account. The density values are 
reproducible to ±3 X w-5 g cm-3. Details have been de­
scribed earlier I. IS. 

The viscosities were measured by means of suspended 
level Ubbelohde 16 viscometer at the desired temperature 
(accuracy ±0.0 I K). The precision of the viscosity mea­
surements was 0.05%. Details have been discussed ear­
lier1. 

The physical properties such as density and viscosity 

of pure benzene, carbontetrachloride and chloroform are 

333 
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reported in Table 2. Tlle.se resu!l.s arc in t:Xl.'C!!enl ;tgrec­
ment with the litera.ture values 17. 
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Physico-Chemical Studies on the Solutc-Solvcnl lntcradions and 
Ultrasonic Speed of H.csorcinol in 2-Mct hoxy Et Ita no I and 

Tetrahydrofur·an at Different Temperatures 
Bhoj Bahadur Gunmg, Mousumi Das, Vikas Kr·. DalHJa and Mahl'rHira Nath l~oy' 

Depa11ment ofChemist1y, University of North Bengal, Dmjceling: 7344JO,!NDfA 

ABSTRACT 

The densities, viscosities and ultrasonic .1peeds q{ resorcinol in purl! 2-met/w.\1' 

ethanol and pure tetrahydrofuran have been investigated in 303. I 5/\. 313. I 51\ and 
323.15K. Apparent molar volume (V/ viscosif)' parameh!l:~ r~( these solutions are obtained 
from these data supplemented with their densities and viscosities respective(v. The limiting 
apparent molar volumes (V,/) and experimental ~'/op1c:1· '(S,:') ·ddril'ed .fi·om the lvla.\·son 
equation have been interpreted in terms of solute-solvl!nl a11(/ solute-solute interactions 
respective!;~ The viscosity data have been inte1preted in terms of solute-solvent and solute­
solute interactions, respectively. The structure making/breaking capacity of this solute 
investigated here has been discussed. The compressibility data also indicate the 
electrostriction of the solvent molecules around the solute particles. 

Introduction 

Studies on viscosities, densities and 

ultrasonic speeds of solutions assist in 

characterizing the structure and 

thermodynamic properties of solutions. 

Various types of interactions exist between 
the solutes in solutions and of these solute­
solute and solute-solvent interactions are of 

current interest in all branches of chemistry. 

These interactions help in better understanding 

the natur~ of solute and solvent, that is, 

whether the solute modifies or distorts the 

structure of the solvent. 

Tetrahydrofuran (THF), and 2-

methoxy enthanol (ME) are ve1y important 

solvents widely used in various industries. 
These arc i11dustria1 solvents ai1d figure 
prominently in the high-energy battery 

technology and have also found wide 

applications in the organic synthesis as 
manifested from the physico-chemical studies 
in these media 1

·11l. In this present work, an 

attempt has been made. to provide an 
unequivocal interpretation of solute-solvent 
and solute-solute interactions prevailing in the 

studied solutions. Several workers have 

reported volumetric, viscomctric and 

ultrasonic studies of this compound in non­
aqueous solutions 11 .15 but such studies in pure 

THF and 2-mcthoxy ethanol are still scanty. 

oJ<Corresponding author, Tel: +91-353-2581140; Fax: +91-353-2581546, e-mail:mahendraroy2002@yahoo.com 
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Experiments 

Nletlwd 

Densities, pat 303.15, 313.15 and 
323.15 K were measured with Sprengel 
type Pycnometer having a bulb volume of 

25 cm3 and an internal diameter of the 

capillary of -0.1 em. It was calibrated at 

303.15,313.15 and 323.15 K with double­

distilled water and benzene. The 

pycnometer with the test solution was 

equilibrated in a water-bath maintained at 

the desired temperature (±0.0 1 K) by means 

of a mercury-in-glass thermo-regulator, and 

the absolute temperature was determined 

by a calibrated platinum resistance 

thermometer and ·Muller bridge. The 

pycnometer was then removed from the 

thermometer and Muller bridge. The 

pycnometer was then removed from the 

thermostatic bath, properly dried and 

weighed. The evaporation losses remained 

insignificant during time of actual 

measurements. An average oftriplicate 

measurements was taken into account. The 

density values were reproducible to± 3 x 

10·5 g cm·3• Details have been described 

earlier16
• The viscosity was measured by 

means of a suspended level Ubbelohde' 7 

viscometer at the desired temperature with 

a thermostat bath controlled to ±0.0 I K. 

Sound velocities were determined 

with an accuracy of 0.3% using a single 

8 

I I 1: I 1,, "' • :'I 'flf/ I 

t'l_l':.i;d V;lli;JIJ!l' palilllill;l:.llilll 1111\"1 klllillt'll'l 

(l'vlillal Fllil'rprises. Nt'\\' lkll1i. l11di:1) 1\'nrkill.!'. 

at 4 Ml!z which was calibrated with W<t!t:r. 

methanol and benzene at each temperature, 
described in detail elsewhen:: 1K· 19 . The 

solutions studied here were made by mass, 

the conversion of molality into molarity was 

done20
. 

Soz1rce and purity of samples 

Tetrahydrofuran (Merck, India) was 

kept several days over KOH, refluxed for 24 

hours and distilled over LiAIH
4 

described 

earlier'. 2-Methoxy ethanol was allowed to 

stand ovemight with CaSO., and distill~d from 

sodium. Before fractional distillation the 

solvent wns treated with 2, 4-

dinitrophenhydrazine to remove a I i ph at ic 

ketones. Resorcinol (A.R.) wns purified by 

the reported procedure 11 and ·the compound 

was dried and stored in a vacuum desiccator. 

Results 

The experimental values of 

concentration( c), densities (p), viscosities ('7) 

nne! derived parameters at 303.15, 313.15 and 

323.15 K nrc recorded in Table- I. 

The apparent molar volume (V,,) 

were determined from the solution densities 

using the following equation, 

M 1 ooo( p- Po) 
v 9 = -- ----'---'-

Po cpo 
( 1 ) 

• r r · 
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Table -1 

Molar concentration, densities, viscosities, apparent molar volumes (v+), limiting ~ 
apparent molar volume (v+0

), experimental slope (S,.*) and values of A and B of 
resorcinol in various solvents at different tempenttures 

Resorcinol in ME 

elmo I p/g cm·3 Tj/Cp v+ /cm3 v+0/cm3 S.*/cm3 dm 112 A/dm312 B/dm3 

c:iin-3 moi-1 moJ-1 moJ-312. ·moJ-•'z moJ-1 

303.15K 
0.008029 0.95834 1.40147 34.21621 
0.05621 0.96104 1.43588 53.28075 

0.10438 '0.96271 1.46825 65.04447 
0.15256 0.96348 1.50134 75.54179 

21.7866 135.4508 0.02071 0.46342 

0.20074 0.96382 1.53721 83.23679 
0.24891 0.96401 1.57063 88.58110 

313.15Ks 
0.007954 0.94935 1.21587 44.36590 ~ 
0.05566 0.95166 1.23826 62.06549 
0.10333 0.95303 1.26285 72.99709 

.0.15105 0.95395 1.28926 80.17937 
34.1912 118.3329 -0.0273 0.48472 

0.19873 0.95418 1.31665 87.56597 
0.24644 0.95444 1.34376 91.96859 

323.15K 
0.007893 0.94208 1.04675 55.04547 
·0.05522 0.94401 1.06603 70.97192 

0.10247 0.94509 1.08673 80.97367 46.1865 106.6030 -0.0344 0.4940 
'o.l4972 0.94556 1.10875 88.98941 

0.19699 
'. ~ . I I I 

0.94584 1.13195 94.18618 

0.24482 0.94624 1.15483 96.85475 
Resorcinol in THF 

b.0080634 0.8768 
303.15K 

0.44945 5.36021 
0.05644 0.88083 0.45897 26.99526 
0.10482 0.88381 0.46680 40.09853 -7.46164 145.60272 0.079406 0.21908 _:~ 
' 
0.15320 0.88611 0.47375 49.99311 

0.20159 0.88787 0.48075 58.19976 

0.24997 0.88934 0.48838 64.55114 

9 
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313.151< 

0.007974 0.86708 0.41034 9.84666 

0.05580 0.87090 0.41594 31.32406 

0.10363 0.87381 0.42164 43.1172 I 

0.15415 0.87599 0.42677 53.02089 
-2.14684 140.23313 0.0 152 0.2507i\ 

0.19927 0.87764 0.43228 61.24157 

0.24715 0.87930 0.43740 66.24838 
323. I SK 

0.007906 0.86129 0.38944 14.45223 

0.05542 0.86494 0.39331 35.06637 

0.10291 0.86768 0.39780 46.99245 

0.15039 0.86981 0.40258 . 56.09555 
2.16829 139.40834 -0.01988 0.28058 

0.19782 0.87128 0.40736 64.69020 

0.24526 0.87258 0.41245 70.76840 

where M is the molecular weight of squares treatment of the plot of 1'.,* ,.s c 1 ~ 

the solute, cis the molarity of the solution and using the Masson equationc 1
• 

the other symbols have their usual significance. 

The limiting apparent molar 

volwnes (V4l'~ were calculated using the lease 

Table- 2 

(2) 

Molal concentration (m), sound velocity (u), adiabatic compressibility (!3), apparent 
molal adiabatic compressibility (~d, limiting apparent molal adiabatic 

compressibility (~k0) and experimental slope (Sk*) of resorcinol in various solvents 
at different tempcratt.res 

Resorcinol in ME 
rnlmol u/ms· 1 f3 xl0 10/pa· 1 ~k xl0 7/m 3 ~k0x 107/m~ sk *x 1 07/m3 mol-312 

kg· I mol·1 pa· 1 moi-1 pa·1 pa·l kg·l 

303.15K 
0.008386 1302.42222 6.15144 -3.53056 

0.05889 1315.10976 0.01637 -2.60571 

0.10973 1323.69716 5.92826 -2.02055 -4.0552 6.01661 

0.16115 1329.89488 5.86844 -1.58099 

0.21316 1335.37726 5.81830 -1.29114 

0.26576. 1338.06352 5.79382 -1.00556 

1 0 
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313.151\: 

0.008386 1268.73567 6.54382 -4 .170i\8 -~ - .. 

0.05887 1282.8593 6.38552 -3.07110 

0.10973 1292.53715 6.28069 -2.4066 -4.8330 7.2967 

0.16115 1299.04835 6.21189 -1.90114 

0.21316 1301.84487 6.18374 -1.4104 

0.26576 1304.96485 6.15253 -1.12253 

323.15K 

0.008386 1240.67703 6.89596 -4.91245 

0.58870 1256.37339 6.71098 -3.61256 

0.10973 1267.15845 6.58969 -2.83223 -5.7239. 8.7415 
. 0.16115 1274.50031 6.51075 -2.23143 

0.21316 1277.51300 6.47816 -1.67623 

0.26576 1279.76619 6.45264 -1.30988 

Resorcinol in TH F -j; 
303.15K 

0.0092057 1252.90681 7.26544 -4.55220 

0.06453 1263.84373 7.10757 -3.25120 

0.12017 1270.90584 7.00510 -2.5363 -5.2802 7.9261 

0.17625 1273.69507 6.95635 -1.8841 

0.23287 1274.80837 6.93044 -1.4088 

0.29005 1276.09679 6.90502 -1.10556 

313.15K 

0.0092057 1193.59694 8.09516 -5.32146 

0.06453 1205.16882 7.90562 -3.90844 

0.12017 1211.94033 7.79149 -2.9865 -6.1470 8.924 7 

0.17625 1216.28610 7.71666 -2.3412 

0.23287 1218.31345 7.67654 -1.80601 

0.29005 1219.65271 7.64523 -1.4413 

323.15K .....,_ 

0.0092057 1148.06843 8.80897 -7.32857 ~ 

0.06453 1162.03754 8.56198 -5.20866 

0.12017 1169.80470 8.42197 -3.91044 -8.5072 13.02574 

0.17625 ll73.01666 8.35540 -2.90088 

0.23287 1174.41862 8.3514 -2.17714 

0.29005 1175.04828 8.33394 -1.67397 

I 1 

-il 
·,· I 
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Where V/ is the partial molar volume 

at infmite dilution and Sv • the experimental slope. 

The values of V,/' and Sv • along with 

temperature of resorcinol in solvents follows 

the polynomial-

Over the temperature range under 

investigation, where Tis the temperature in 

Kelvin. 

0 2 V =a +a T+a T (3) 

Values of'coefficients of the above 

equation for resorcinol in pure THF and 2-

methoxy ethanol are recorded in Table- 3. 

<p 0 I 2 

Table- 3 

Values of coefficient for resorcinol in THF and ME 

Solvent a /em-' mol- 1 
'o' a /cmJ mol·' 

'J' 
1(-1 A,lcm-' moi- 1 K- 2 

THF -643.094 3.61205 -4.99ss x 1 o--1 

ME -548.5366 2.05172 -2.0465 x 1 o- 1 

From the values of coefficients the following equations are obtained 

Resorcinol inTI-IF 

V~ = -643.0947 I cm 3mol- 1 + 2.50 172T I cm 3mol- 11C1
- 4.9985 x 10-3 I cnr'moi-1K -2 (4) 

Resorcinol in ME 

V,~ =-548.53663/cm 3mol- 1 +2.50172T/cm 3mol- 1K- 1 -2.0465x 10--' /cnl''mor 1K-2 (5) 

The apparent molar expansibilities (~E0 ) can be obtained by the following cqu<~tion. 

The values of~~ of the studied compound .at 303.13, 313.15 and 323.15K 

determined and repo11ed in table- 4. 

Table- 4 

Limiting apparent molar expansibilitie~ (~~) f?r resorcinol in THF and l\JE at 
' 1 ' ; I I . • 

different temperatures · 

Solvents 303.15K 313.15K 323.151( (8 2V ~0/dT2 ) p 
THF 0.57262 0.49035 0.40809 Negative 

ME 1.26093 1.21999 1.17907 
' 

Negative 

12 
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Helper22 developed a technique of' 

examining the ma.!:,'11itudes of(<~?V<~>0/~)T2)P for 

solute in terms oflong range structure-making 

and breaking capacity of the solutes in mixed 

solvent systems using the general 

thermodynamic expression. 

(7) 

The viscosity of resorcinol in pure 

THF and in pure-2-methoxy ethanol have been 

analyzed using the Jones-Dole23 equation: 

_21._ = 1 + Ac 112 +Be 
TJo 

(8) 

where T) = ( Kt - ~ )p 
where, YJ

0 
and TJ are the viscosities 

of solvent and solution respectively. K and L 

are the constants for a particular viscometer. 

The values of A and B are estimated by 

computerized least square method and 

recorded in table 1. 

Adiabatic compressibility (rJ) was 

calculated from the following relation. 

I . 
P=-J­

u-p (9) 

where pis the solution density and u 

is the sound velocity in the solution. The 

apparent molal adiabatic compressibility ( ¢k) 

of the solution was determined from the 

relation. 

13 
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The limiting apparent molal adab;1tic 

compressibility (¢k0
) was obtained by 

extraploting the plots of(¢k) versus the square 

root of molal concentration of the solute to 

zero concentration by the computerized least 

square method. 

o s· ,,J 
<PK=<pK+'Km-

where sk· is the experimental slope. 

(11) 

The values of u, r3. ¢k. q>/' and Sk' 

are recorded in Table 2. 

Discussion 

We have determined the p and Tl and 

calculated the V~, V1}, Sv'. ¢b q>k 0
, B and A 

at 303.15,313.15 and 323.15K using 

appropriate equations and graphical diagrams. 

As the investigated systems arc 

characterized by hydrogen bond, the solute­

solvent and solute-solute interactions can be 
: '• i 1·. ,I • I J I . ' ' ' 

mtcrpreted 111 terms of structural changes 

which arise due to hydrogen bond interactions 

present between various components of the 

solvent and solute-solute interactions cm1 be 

interpreted in terms of structural changes 

which arise due to hydrogen bond interactions 

present between various components of the 

solvent and solution systems. 

To examine the solute-solvent 

interactions, the V4>0 can be used. Table-! and 

Figs. I and III in case of ME reveals that the 

V~ 0 values are positive and increase with rise 

in temperature. This indicates the presence 



~-

~ . f 

of strong solute-solvent interaction and these 

interactions are strengthened with rise in 
temperature. Whereas in case of THF the 

V~0 values are small at various temperatures 

and the values of V ~ 0 increase with increase 
of temperature. This indicates the presence 

Fig. I: Plot of~ v0 and Sv* va. 

Temperature of resorcinol in ME 

150 

~ 
a-__ 

100. .... Sv* 

"" a 80 ~vo 0> +-- ...... 
0 -·-·~---·-·-·--r-· 

303.15 313.15 323.15 

Temperature 

~· m: Plot of cp v0 o.nd Sv* vs. 
Temperature of resorcinol in THF 

:100 

:r uso Bv* 
100 ., 

5 fSO 
0> ... 0 -<!>v"- .. , 

-fSO 303.2 313.2 323.2 

Temp ero.ture 

It is also evident (Table-! and Figs. I 
and III) that Sv· are positive in both systems 

--.>- at different temperatures. Since Sv' is a 
measure of solute-solute interactions, the 

results indicate the presence of strong solute­

solute interaction. As expected, the Sv' values 

decrease with increasing temperature in these 

solvents for the studied solute, which is 

14 
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or weak solute-solvent interaction and such 

interaction increases with rise oftcmper<~tun!. 

Similar ,re~ul~s ~v~r~ .O.b\ajned for some, 1
1
: I 

electrolyte in aqueous DMF24 and aqueous 

THF 1
• 

Fl&. U: Plot o! A ~nd B va. 
Temperature of reaorclnol ln ME 

0.6 
O.IS • • !3 

Ill 
0.4 

., 0.3 
~ 0.:1 
< 0.1 

0 
_ __t_, 

"--- ··-- , - ---· ... i A . 
-0.1 303.:1 313.:1 3::13.::1 

Temp ora.ture 

Fl&. IV: Plot of A and B va. . .. ··---·1 
Temperature o! reaorclnll in THF 

Ill ., 
~ 
< 

0.3 1 

O.l!S 1 
I 

0.:1 ~ 

0.15 ~ 
0.1 ~ 

.-----------• n i 
I 
I 
I o.o~ L-----~-~ ·-·-• ~A 

-O.OIS c 303.:1 313.:1 3.:13 • .:1 
., 

_____ j 
~-----------------------------

Temperature 

attributed to more violent thennal agit;Ition at 

hi&her :em perature resulting in diminishing the 

force of solute-solute intcractions25 . 

It is found from Table4that tlw v;!luc 

of 4>~:" of solute decreases with rise in 

temperature in studied solvents, which can be 

ascribed to the absence of caging or p:1cking 
effect. 2(' 
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In our present investigations, it is 
evident from Table 4 that the (82V~0/()'f2)p 

values are.negative for resorcinol in studied 
solvents, suggesting thereby that resorcinol 
acts as a structure-breaker in such solvents. 

It is observed (Table 1 and Figs. II 
and IV) that the values of B of resorcinol in 
the studied solvent systems are positive and 
these values increase with increasing 
temperature. This indicates that this solute acts 

structure-breaker in such solvents. These 

. conclusions are excellent agreement with that 
drawn from magnitude of· (82V~0/8T2 ) 

illustrated earlier. 

.. 0 

" I( 

;; 
Ill 
.g 

= o,. 
~ 

1N.c. V1 Plot of .p.,. 0 and Sk* ., •• 

Temp•l'at1U'e ofre•ol'clnolln ME; 

10 
--·Sill* -· ---5 

0 

3C>:l.15 313.15 323.15 
~· • • ~,.o 

·10 

Temperature 

A perusal of Table 2 and Figs. V 
and VI show that the values of ¢K 0 are 
negative and become more negative on. 
increasing the temperature. Negative ¢K 0 

values of resorcinol can be interpreted in 
terms ofthe loss of compressibility of solvents 
due to electrostrictive forces in the vicinity of 
the solute particles. On raising the temperature 
ofthe system, the solute particles lose some 
solvent molecules from their first coordination 
sphere in a process, which is expected to 
increase the compressibility. But at higher 

15 

It has bcl'J) reporkd hy a llUJJJbcJ Pi' 
workers that dB/dT is a bcllcr critcriuJl .>l .• •s 

detem1ining the structure .mnking/brcaki ng 
nature of any solute rather than simply the 
value of B. It is found from. Table 1 that the 
values ofB increase wjth rise in temperature 
(positive dB/ciT) suggesting structure­
breaking tendency. 

A similar result w.as reported hy 
some workcrs 29 iri studied solvents in case of 
viscusity of some salts in propionic acicl + 
ethanol mixtures. 

Fie. VI: Plot of q,,t and s~• v.. --·---1

1 
Temperature o! r .. orcinol in 'IlJF 

~ usl ______. Sx* 

~ 1:1 . .--~ 

i 0 I 303.2 313.~ 3~3.2 

0.. -~ i ·------ . ~ -10 J • -·---.q,.:" . 1 

'-----------T-em_p_era-tu: ____ :_ J 

temperature, breakdown ofthc non-covalent 
bonding between the solvent molecules <llso 
takes place more effectively resulting in a loss 
of compressibility. Thus it may be concluded 
that for the solute solution under study, the 
latter effect is growing faster and ovenicling 
the fom1er as far as the present temperature 
range is concerned. From Table 2 (figs. V 
and VI), it is evident that sk· have positive 
values indicating the existence of strong 
solute-solute interactions in the studied solvent 
system which resembles the <~grcement 

;1, r 1 • , f. 
1

• •.• 

:~ 

•'_\o<: -....: 

)1[, 
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drawn from S/ discussed earlier. A similar 
results were reported by work30 in the case 

· ·of ultrasonic studies of some alkali metal 
halides and nitrates in THF + Water mixture. 

List of Symbols 

p 

Po 
TJ 

TJ.o 
c 

: Densityofsolution 

: Density of solvent 

: Viscosity of solution 

: Viscosity of solvent 

: Molar concentration of solution 

· m : Molal concentration of solution 

u : Sound velocity of solution 

u
0 

: Sound velocity of solvent 

f3 : Adiabatic compressibility of solution 

f3
0 

: Adiabatic compressibility of solvent 

~ K : Apparent molal adiabatic 
compressibility 

~ K 
0 

: Limiting apparent molal adiabatic 
compressibility 

S K • : Experimental slope 

V 41 : Apparent molar volume 

V 0 
: Limiting apparent molar volume . q, 

. Sv • : Experimental slope 

M : Molecular weight of solute 
' 
~ E : Apparent molar expansibility 

~ E 
0 

: Limiting apparent molar expansibility 

ME : 2-Methoxy ethanol 

THF : Tetrahydrofuran 
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Study of densities, viscosity deviations9 and isentropic 
compressibilities of ternary liquid mixtures of water_ and 

ethane-1,2-diol with some monoakohols at various temperatures 
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Exc~ss molar volume (V1
'), viscosity dt!vi;ttion (Ll.1]). and excess Gibbs energy of activation 

(.">G*"J of viscous L1ow have been in-.·estigated i'rom the density (p) and viscosity (71) 
measurements of ternary liquid mixture of water+ ethane-! ,2-diol +methanol, water+ ethane 
l ,2-diol +ethanol, and water+ ethane-! ,2-diol + ]-propanol over the entire range of compo­
sition at 298.15, 308.15 and 318.15 K. The speeds of sound are also observed for these mixtures 
and thus, the isentropic compressibility (Ks) and excess isentropic compressibility (K~) 
calculated at 298.15 K. The results are discussed in terms of specific interactions and nature of 
liquid mixtures. The system studied here exhibits a very strong cross association through 
hydrogen bonding. 

Ke_1•u·ords: Densities; Viscosities; Excess molar volume; Viscosity deviation; Excess Gibbs 
energy or activation of viscous flow; Ethane-1,2-diol; Monoalcohol; Sound speed; Isentropic 
compressibility; Excess isentropic compressibility; Specific interactions 

l. Introduction 

A knowledge of the thermodynamic behavior of liquid mixtures has been the main aim 
during recent years. The investigated mixtures were chosen in order to obtain 
information about the molecular interactions between their components (1-4]. This is 
the case for the systems studied in this research, which contain water, ethane-1 ,2-diol, 
and some monoalcohols. 

Rheology is a branch of science [5] that studies material deformation and flow, and' is 
mcreasingly applied to analyze the viscous behavior of many pharmaceutical products 
(6) and to establish their stability and even their bio-availability, since it-has been firmly 
established that viscosity influences the drug absorption rate in the body. 

The liquids were selected on the basis of their industrial use [7]. Ethane-1,2-diol and 
monoalcohols are important liquids which find a variety. of applications in: pharma­
ceuticals, cosmetics etc. In our systematic investigation of the thermodynamics, 
acoustic, and transport properties of ternary mixtures, we have reported viscosities (17), 
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49 densities(p), speeds of sound (u), isentropic compressibilities and excess molar volumes 
50 ·for the ternary liquid mixtures ofwater+ethane-1,2 4iol+methanol, water+ethane-
51 1,2-diol+ethanol, and water+ethane-1,2-diol+ !-propanol. Viscosity and density of 
52 these t~!~ary liquid mixtures ar~ ,useful in unde~standing iriolecular in-!_ezactions 
53 between the components of the mixture which may be used to develop new tlieoretjcal 
54 models and also for engineering applications [8]. In our previous investigation of the 
55 properties, we have reported viscosities, densities and speeds of sound of various polar 
56 mixtures [3,9,10]. 
57 The present work contributes to the study of various thermodynamics and transport 
58 properties viz. excess molar volumes (VE), viscosity· deviations (b.17), excess Gibbs 
59 energy of activation (L\G*E) of viscous flow, Grunberg and Nissan parameters (d) and 
60 isentropic compressibility (Ks) of various ternary mixtures. 
61 To the best of our knowledge, the properties of mixtures of this liquid have not been 
62 reported earlier. 
63 

64 

65 
66 2. Experimental 

67 

68 

69 

70 
71 

72 

73 

74 

75 

76 

2.1. Soiii'Ce and purity of samples 

Ethane-! ,2-diol (C2H60 2), methanol (CH30H), eth~nol (C2H 50H), and !-propanol 
(C3H 70H) \\;ere obtained from Merck and A.R. These were further purified by 
standard methods [14]. Triply distilled water was used. The purity of the liquids was 
checked by measuring their densities, viscosities, and sound velocities at 298.15K 
which were in good agreement with the literature valu~s. The purity of the solvents 
were > 99.5%. 

77 2.2. Method 
78 

79 

80 

81 

Ill 

83 

84 

ll5 

ll6 

87 

88 

89 
I){) 

91 

92 

93 
94 

95 

96 

The speeds of sound (u) in pure liquids and in ternary mixtures were measured with 
multi-frequency ultrasonic interferometer supplied by Mittal Enterprise, New Delhi. 
In the present work, a steel cell fitted with a quartz crystal of 2 MHz [11] freqtiency was 
employed. Densities (p) were measurecj with an Ostwald-Sprengel type pycnometer 
having a bulb volume of 25 cm3 and an internal diameter of the capillary of about 
I rum. The pycnometer was calibrated at 298.15, 308.15, 318.15K with triply 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 by means 
of a mercury in glass thermoregulat<;Jr and the temperature was determined with a 
calibrated thermometer and a Muller bridge [12]. The viscosities were measured qy 
means of a suspended Ubbelohde type viscometer [13] which was calibrated at the 
desired temperatures with water and ~ncthanol. The solutions were prepared by mixing 
known volumes of pure liquids in air-tight, narrow-mouth ground stoppered bottles 
taking due precautions to minimize the eVaporation losses. The masses were determined 
by using a Mettler electronic analytical ~alance (AG285, Switzerland) accurate -to 
0.0002 g. The uncertainties in the liquid composition, density, viscosity, and speeds of. 
sound measurements were estimated :tb be I x 10-4, 2 x 10-4 g cm-3, 3 x 10-~ m Pas, 
and 0.2ms- 1 respectively. . · .. , 
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Viscosity deviations and oth.Jr properties of some aqueous ternary mixtures 3 

Table 1. Comparison of experimental densities (p), viscosities (71), and ultrasonic speeds (u) of pure liquids 
with literature values. 

' .. • < p x 10-3 (kgm-3) 71 x 103 (kgm-'s- 1) u (ms- 1) 

Liquids· T(K) Expt Lit. Expt Lit. Expt Lit. 

Water 298.15 0.99707 0.9971 [15] 0.8904 0.890 [15] 1498.2 1497.4[21) 
308.15 0.99406 0.9940 [15] 0.7194 0.719 [15] 
318.15 0.99025 0.9902 [15] 0.596 0.597 [15] 

Ethane-1 ,2-diol 298.15 l.l0998 1.1100 [16,21] 16.47362 16.472 [16,21] 1660.7 1662.0 [21] 
308.15 l.l0299 1.1029 [16,21] 10.47212 10.470 [16,21] 
318.15 1.09764 1.0956 [16,21] 7.69443 7.694 [16,21] 

Methanol 298.15 0.78664 0.78656 [17,20) 0.54230 0.5422 [17.20] 1105.1 1103.0 [21) 
308.15 0.77728 0.7772 [17,20) 0.47424 0.4742 [17,20) 
318.15 0.76775 0.7677 [17,20) 0.41739 0.4174 [17.20) 

Ethanol 298.15 0.78514 0.7851 [18,20) 1.08805 1.088 [I 8,20) 1144.9 
308.15 0.77658 0.7765 [18,20] 0.90421 0.904 [18,20] 
318.15 0.76781 0.7677 [18,20] 0.76304 0.763 [18,20] 

Propanol 298.15 0.79958 0.79954 [19,20] 1.93968 1.9324 [19,20] 1207.2 1206.5 [19,20] 
308.15 0.79166 0.79162 [19,20] 1.56776 1.560 [19,20] 
318.15 0.78456 1.14998 

3. Results and discussion 

The comparison of 'the experimentally determinyd densities, viscosities at 29~.15, 
308.15, and 318.15K, and sound velocities at 298.15K of the pure components with 
the literature values [15-21] have been presented in table 1. 

The experimentally determined density, viscosity, and calculated excess thermo­
dynamic properties for ternary liquid mixtures are listed in table 2. ·Representatives 
plots of 71, b.71, vE, !S.G*E, and Kf against mole fraction of water (x 1) at 298.15 K are 
sh~WIJ in figures 1-5, since for other temperature the curves are similar. 

3.1. Viscosity deviations 

lrf table 2, the measured 7J anr.h:alcu1ated b.7J of the ternary mixtures are shown along 
with the mole fraction of water (xi) and ethane-! ,2-diol (x2) at the three temperatures. 

The viscosity deviations from linear dependence on mole fraction were calculated 
[22] by, 

n 

b.T} = TJ - L X;l]; 

i=l 

(I) 

where, 11 is the viscosity of the mixture and x6 TJt is the mole fraction and viscosity of 
pure componfmt, i respectively. 

cJt-is observed that 't.11 values inc:reases to attain a maximum and then decreases over 
th~ entire range of composition for each temperature (figure 2). This trend is observed 
for all: the ternary mixtures examined here. The values become more and more positive 
as the temperature rises from 298.15 to 318.18K. The positive value of b.IJ support the 
existence of the specific interactions [23,18,24] between the unlike molecules. 
,For;_Jl)>N~)f:~~thanol, the maxima of ATI is observed at x1 =0.89.-~~ {9J: 

(i)+(2)"+etlla:nol~aF"Xj~0.92, and for (1)+(2)+1-propanol at x 1 =0.93 for all 

,, 
! 
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Table· 2. Densities (p), viscosities ('I), excess molar volumes (F), Gibbs energy of activation (aG*E) of viscous flow, interactions parameters (d), and viscosity deviation. 
. ~ ; -, .~ : ~)-. , .. , .{. (aq) for water (1)+ethanc-1,2-dio1 (2)+methanol, ethanol, and ·!-propanol at 298.15, 308.15 and 318.15 K. 

",M6tei·rraction 'Mole fraction of px w-3 

··:orViater (xt) . ethane- I ,2-diol (x2) (kgm-3) 
• c' ,''-'; 

·. \Y'atCi.(I) + ethatie-1 ,2-diol (2) +methanol 
•.;_' 1-1:::... . 
298.15K 
0 .'·. '· 0.29693 0.91470 

.0.20125 0.23344 0.92896 
~o.36tls1 0.18311 0.94147 

• ;o.49042 0.14222 0.95227 
;o:s9f79 0.10835 0.96148 
0.68819 0.07983 0.96959 
0.76536 0.05549 0.97666 
0.81399 0.03447 0.98221 
0.89()10 0.01613 0.98664 
0.94125 0 0.98699 • 
r:ooooo 0 0.99707 
308:15K 

0 0.29693 0.90956 
0.20125 0.23344 0.92350 
0.36081 0.18311 0.93652 
0.49042 0.14222 0.94782 
0.59779 0.10835 0.95720 
0.68819 0.07983 0.96560 
0.76536 0.05549 0.97289 
0.81399 0.03447 0.97915 
0.89010 0.01613 0.98286 
0.94125 0 0.98455 
1.00000 o· 0.99406 
318.15 K 

0 0.29693 0.90411 
0.20125 0.23344 0.91846 
0.36081 0.18311 0.93217 
0.49042 0.14222 0.94476 
0.597-79 0.10835 0.95575 
0.68819 0.07983 0.96437 

•t . , .. 
. '.' . I 

'1 X 103 Jl'! X 103 

(kgm-•s-1) (m3mol- 1) 

1.99757 -0.46412 
2.12681 ·-0.71701 
2.31497 -0.83732 
2.34765' -0.86844 
2.18441 -0.84101 
2.02624 -0.78402 
1.78830 -0.70712 
1.58294 -0.60502. 
1.34916 -0.49132 
1.10039 -0.31205 
0.89040 0 

1.63445 -0.66112 
1.70923 -0.85766 
1.84429 -0.96310 
1.87559 -0.98087 
1.74204 -0.93115 
1.62360 -0.85810 
1.43721 -0.76545 
1.27898 -0.66005 
1.11393 -0.52812 
0.93606 -0.34503 
0.71940 0 

1.35988 -0.83101 
1.45387 -1.00971 
1.53852 -1.11006 
1.57187 -1.14125 
1.44264 -I. I 1025 
1.34133 -1.01401 

.!1G*E (J mol- 1) 

720.91933 
1279.13480 
1776.10648 
2018.48838 
1991.38454 
1915.170859 
1684.88063 
1440.21583 
1084.85606 
614.79326 

0 

805.38420 
1329.56768 
1813.45279 
2064.8945 
2027.76717 
1957.06212 
1723.15866 
1479.61422 
1167.45246 
752.71494 

0 

813.73667 
1417.12126 
1867.14629 
2138.52520 
2066.86750 
1989.14140 

\J., 'f , . ·-· 

d 

-
17.69101 
21.48512 
28.75390 
38.20262 
55.28743 
82.03357 

141.25689 
307.40161 

-
-

-
19.91352 
21.27794 
28.51184 
37.66037 
54,69905 
81.22125 

140.66394 
320.81800 

-

-
18.67391 
21.32097 
28.76058 
37.38858 
54.12886 

arido3·. 

(kgm.,..,s-::1) 

-3.27522 
-2.20455 
-1.27011 
-0.63112 
-0.29214 
-0.02740 

0.09554 
0.20187 
0.24005 
0.23044 

0 

-1.80846 
-1.14827 
-0.54912 

·-0.14078 
.0.03798 
0.18251 
0.22055 
0.25614 
0.26021 
0.23106 

0 

-1.21828 
-0.69822 
-0.27581 

0.03195 
0.13001 
0.22010 
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\ . r1: 

1. 

~.t: 

pt' 

~-

t~ ~'.> ·0;76536~.'' 0.05549 . -::~~~ ~v~ ~~:~]$)}?.~;::·~· . o:o3447 
. ,;(; .. ,Q.890J~_t: . 0.01613 

· .. :' : · ·o:9~12Y' o 

·{j' 
J -r 

0.97049 
0.97689 
0.97978 
0.98109 
0.99026 ..•. ·,· ,._ .:.:..Q~~~;- 0 

. -• ~ ·~, -;,W;f~~(l)+ethane 1,2-dio1 (2)+ethanol 
' · 298:15K 

.. · ~~; . ~ o'~j'f :~-~-;· 
··· ·: ·· oh431o: ·_, · , o:419or 

of552io 
0.65654 
0.74051 
0.80953 
0.86726 
0.91627 
0.95839 
1.00000 
308.15K · 

0 
0.24310 
0.41901 
0.55220 
0.65654 
0.74Q51 
0.80953 
0.86726 
0.91627 
0.95839 
1.00000 
318.15K 

0 
0.24310 
0.41901 
0.55220 
0.65654 

0.37783 
0.28199 
0.21264 
0.16013 
0.11900 
0.08590 
0.05869 
0.03593 
0.01661 

0 
0 

0.37783 
0.28199 
0.21264 
0.16013 
0.11900 
0.08590 
0.05869 
0.03593 
0.01661 

0 
0 

0.37783 
0.28199 
0.21264 
0.16013 
0.11900 

0.91083 
0.92474 
0.93725 
0.94806 
0.95738 
0.96553 
0.97251 
0.97881 
0.98401 
0.98560 
0.99707 

0.90524 
0.91908 
0.93176 
0.94334 
0.95296 
0.96138 
0.96891 
0.97543 
0.98029 
0.98260 
0.99406 

0.89962 
0.91399 
0.92775 
0.94058 
0.950!;6 

-- .:I..J:~~---..;!:!...:;..-=-~~~~~- ':....-:<.::-.:..:::::=:.:=:·-

1.20811 
1.08745 
0.96463 
0.81807 
0.59600 

3.56697 
3.12739 
3.00454 
2.80252 
2.41869 
2.10754 
1.79958 
1.60019 

• 1.38094 
1.10848 
0.89040 

2.68819 
2.40732 
2.31123 
2.18552 
1.88388 
1.66572 
1.43802 
1.28085 
1.11946 
0.93895 
0.71940 

2.12960 
1.97635 
1.89041 
1.77488 
1.53876 

.::0.86732 
-0.74521 
-0.56405 
-:-0.37325 

0 

-0.41845 
-0.70440 
-0.83334 
-0.85564 
-0.81704 
-0.74732 
-0.65658 
-0.56232 
-0.45611 
-0.29501 

0 

-0.60101 
-0.83314 
-0.93250 
-0.95389 
-0.89701 
-0.81121 
-0.71412 
-0.60612 
-0.47732 
-0.31504 

0 

-0.77730 
-0.99220 
-1.10098 
-1.13257 
-1.06302 

·---·. -- --· 

:,~ 

1798.47426 
1578.72382 
1308.5924 • 
906.93254 

0 

380.77010 
1048.99560 
1632.95151 
1888.59731 
1844.05730 
1732.96578 
1508.47676 
1338.15418 
1060.62018 
585.19882 

0 

394.65607 
1094.98909 
1637.93848 
1936.65108 
1867.49864 
1773.99394 
1555.92148 
1373.02040 
1110.40185 
722.16454 

0 

371.63570 
1167.22148 
1700.11398 
1975.02648 
1908.31704 

...-- --------· .... 

82.58307. 
146.41136 
351.88~57 

10.38940 
15.90263 
24.43785 
34.61152 
52.18853 
80.82641 

152.96767 
369.5337 

10.56769 
15.64411 
24.15345 
33.78925 
51.61752 
80.71840 

151.82249 
374.85924 

11.05933 
15.82461 
24.000\1 
33.55912 

'f-

. 0.25021 
0.27061 
().27088 
0.23256 

0 ~ 
§ 
~· 

-3.33421 ~ 
-2.25118 Ei' 
-1.27228 6· 
-0.64008 i;; 
-0.37048 § 
-0.15577 ;::, 
-0.03146 !a 

~ 
0.13075 ~ 
0.21843 '1::l 
0.20986 .g 

0 ~ 

~-
-1.83106 ~ 
-1.15001 "' 
-0.55006 ~ 
-0.14875 ~ 

-0.03758 ~ 
0.07648 ~ 

0 0.12187 E; 
0.19314 -
0.22565 ~ 
0.21186 ~ 

0 '-:: 

-1.25233 
-0.70066 
-0.27653 
-0.00584 

0.06055 
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Mole fraction 
of ~ater (x1) . ' 

0.7Ml51 
o.s~ino 
0.94125 
1.00000 

Water (I) +eihane~i,2-diol (2) +!-propanol 
298.15K 

0 
0.27341 
0.45843 
0.59195 
0.69285 
0.77179 
0.83522 
0.88731 
0.93085 
0.96780 
1.00000 
308.15K 

0 
0.27341 
0.45843 
0.59195 
0.69285 
0.77179 
0.83522 
0.88731 
0.93085 
0.96780 
1.00000 
318.15K 

0 
0.27341 
0.45843 

A~·: . 
') :·'1 

~ , ; I o 

'!,', ! I .. , 

Table 2. 

Moii: fraction of P x w-3 

ethane:! ,2-diol (x2) (kgm-J) 

0.08590 0.95945 
0.01613 0.97978 
·o 0.98109 

0 0.99026 

0.44203 0.91960 
0.31716 0.93291 
0.23265 0.94443 
0.17166 0.95460 
0.12558 0.96333 
0.08953. 0.97073 
0.06055 0.97709 
0.03676 0.98262 
0.01687 0.96878 

0 0.98762 
0 0.99707 

0.44203 0.91402 
0.31716 0.92731 
0.23265 0.93940 
0.17166 0.95027 
0.12558 0.95916 
0.08953 0.96701 
0.06055 0.97373 
0.03676 0.97929 
0.01687 0.98337 

0 0.98469 
0 0.99406 

0.44203 . 0.90955 
0.31716 0.92308 
0.23265 0.93593 

I 

Continued.· ··--"'·:, ·-

'1 X 103 _.· VC X 103 

(k. -1 -1) (m3mor-:-1) '.: .6.G*E (Jmol-1) gm,-s: .. 
~ .. ., ' 

.U~820 -0.95124 ,. 1799.70709 
0.96463 -0.56405 1308.5924 
o:s1807 -0.3732~ 906.93254 
0.59600 0 0 

.. -

4.97192 -0.35625 2.32850 
3.96902 -0.69250 941.93126 
3.48948 -0.81935 1552.54048 
3.07220 -0.84733 1847.28747 
2.54730 -0.81229 1799.3841 
2.11686 -0.74135 . 1632.04139 
1;81609 -0.65433 1459.10388 
1.60514 -0.56084 1300:44857 
1.39411 -0.45225 1057.36129 
1.10989 -0.29355 573.64575 
0.89040 0 0 

3.67039 -0.52805 40.17761 
2.99794 -0.80909 993.19384 
2.66833 -0.92484 1604.68756 
2.37968 -0:94851 1904.69620 
1.98952 -0.89065 1848.98043 
1.67581 -0.80955 1688.28789 
1.46391 -0.71122 1537.92542 
1.29579 -0.60058 1363.71786 
1.12109 -0.47466 1091.16953 
0.94006 -0.31244 713.02579 
0.71940 0 0 

2.75457 -0.70445 90.0749 
2.31963 -0.95303 1072.66058 
2.07145 .:..1.07006 1652.91411 
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.,Q 
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;~. 

.. 
.lu; 

'0'1 )i.!ll' 
IriS 

ATJ X 103 .. :~:' :I· 
d (kgm-•s-1) ,' •'J .. 

50.81977 0.12345 
351.88657 0.27088 

- 0.23256 ··.~·· 

- 0 ·:r.· -;, 

~ .. 
~ ... 

- -3.39220 J 
7.05350 -2.29336 

13.55001 -1.35050 ~ 
23.04513 -0.74125 

~ 34.38759 -0.49056 ri 
51.85844 -0:31424 <:;':) :-t: 
86.32559 . -0.12724 § ·'li":f 

170.52862 0.06223 
·~ 

OQ 

436-.56056 0.18598 § 
- 0.18570 ~ 

0 ~ 
:c: 

-1.83336 ~ 
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34.14452 -0.10866 
51.96625 -0.03442 
88.63395 0.06556 

173.73409 0.15346 
435.73864 0.19283 

- 0.19334 
- 0 

- -1.28825 
7.84557 -0.75452 

13.58418 -0.34714 
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r. 
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158 Figure I. Viscosity, 11. for water+ ethane-1,2-diol + alkanol at 298.15 k. Experimental points: 
159 Alkanol: CH30H (•), CzHsOH (A), and C3H10H (.). 
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175 Figure 2. Viscosity deviation, 6.17, in water+ethane-1,2-diol+alkanol at 298.15. Experimental puints: 
176 Alkanol: CH30H (e), C2H50H (A), and C3H10H (I!). 
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Figure 3. Excess molar volume, vE, of water+ ethane-1,2-diol + alkanol at 298.15 K. Expcrim.:ntal points: 
Alkanol: CH30H (•}, C2H50H (.A), and C3H70H (.). 
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Figure 4." Excess Gibbs energy, f).G*E, of activation of viscous flow for water+ ethane-! ,2-diol + alkanol 
at 298.15 K. Experimental points: Alkanol: CH30H (•), C2HsOH (•). and C3H70H (II). 
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Figure 5. Excess isentropic compressibility, ~ for water+ ethane-1,2-diol + alkanol at 298.15 K. 
Experimental points: Alkanol: CH30H (•). C2HsOH (.). and C3H 70H (.). 

the temperatures. From the value of l:i17 as shown in table 2, the positive values of /\11 

follows the trend: 

(1) + (2) +methanol> ethanol> !-propanol. 

Here, dispersion and dipolar interactions are operating between water. ethanc-1.2-
diol, and CH30H/C2H 50H/C3H 70H molecules resulting in negative !:!.17 but with the 
increase in temperature and mole fraction of water, the hydrogen bonding interactions 
come into ·play leading to the formation of complex species between unlike molecules 
thereby resulting in positive !:!.17 [25-27]. 

3.2. Exce.~s molar volume 

The excess molar volumes, vE, are calculated from density data according to the 
following equation [28]: 

n 

VE = L:x;M;(l/p- 1/p;) (2) 
i=l 
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where, M;, P; and p are the molar mass, density of the ith component and density 
of the mixture respectively. 

It can be seen from table 2 and figure 3 that VE is negative for all the water (1) + 
ethane-1,2-diol (2)+monoalcohol mixtures at all temperatures and over the entire 
range of composition. The negative values of vE increases with rising temperature from 
298.15 to 318.15K. The magnitude. of the negative values of VE decreases with 
increasing chain length of the monoalcohol in water (I)+ ethane- I ,2-diol (2) +mono­
alcohol mixture series. The values of VE at first decreases to minima and then increases 
over the entire range of compositions for all ternary mixtures. 

For (1) + (2) +methanol mixture, the minima is observed at x 1 = 0.49, for 
(1) + (2) +ethanol, the minima is found at x 1 = 0.55, and for (I)+ (2) +!-propanol, 
the minima observed at x1 =0.59. 

From the values of VE as shown in table 2, the observed trend is as follows: 

(l) + (2) +methanol <ethanol < !-propanol. 

The negative VE indicates the presence of strong molecular interactions between the 
components of the mixture. Volume changes for a mixed system result from changes 
in the free volume of the liquids, since the bond lengths and bond distances in the 
molecules themselves do not change. The optimum packing condition is directly related 
to differences in molecular sizes and intermolecular attractions, in particular when 
hydrogen bonding occurs between unlike molecules creating association complexes, 
as well as being effected by the breaking of interactions between like molecules [24]. 

To account for temperature effect on VE, the following cQnsiderations are important. 
It is known that pure monoalcohol can form either ring or chain-like complexes, and 
while the fraction of ring complexes increases with the number of CH2 groups in the 
monoalcohol, the degree of association decreases [23,30]. The associated rings break 
down to chains 'with increasing temperature, which is then followed by a total break 
down of the associated species. The degree of association of water and ethane-! ,2-diol 
also decreases with increasing temperature. The formation of mixed complexes is an 
exothermic- process and hence, the' equilibrium constant decreases with increasing 
temperature. Thus, the number of the mixed associated species is influenced by two 
opposing effects with rise of temperature: (i) The number of species which are able 
to form mixed complexes increases with temperature, while the self -associated mono­
alcohol rings, water and also ethane-1,2-diol break down. (ii) The equilibrium constant 
of the association resulting mixed complexes decreases with increasing temperature. 
The first effect seems to be dominant in presently investigated mixtures, i.e., the number 
of hydrogen bonds increases with temperature so the contraction of mixture increases. 

3.3. Excess Gibbs energy of activation of viscous flow 

On the basis of the theory of absolute reaction rates [22], the excess Gibbs energy, 
~G*E, of viscous flow was calculated from 

n 

. D.G*E = RT In( 17M I p)- RT L x; ln(17;M;/ p;), (3) 
. i=l 

287 where n sta.ilds for the number of components of the mixture and M; are the molar mass 
288 of the mixture and of the-pure components i. 
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The values of f:l.G*E are positive for all the ternary mixtures and decreases from 
methanol to propanol (figure 4 and table 2), and attain a maximum value and then 
decreases over the entire range of composition. With the increase in temperature. the 
values of D.G*E show an increasing trend. The values of D.G*E decreases with the chain 
length of the monoalcohol. 

The positive values of !:l.G*E over the entire range of mole fraction indicate the 
presence of strong interactions [23,] between the mixing components accompanied 
by the complex formation. 

299 3.4. Grunberg and Nissan interactions parameter 
300 
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Grunberg and Nissan [31] suggested a logarithmic relation between the viscosity or 
liquid mixture and that of its pure components, 

n n 

lnTJ= I:x;lnTJ;+df1x; (4) 
1=1 i=l 

where dis a constant, regarded as a measure of the strength of molecular interactions 
between the mixing components. 

The positive value of Grunberg and Nissan parameter (d) gives an indication of 
specific hydrogen bonding interaction between unlike molecules (32,33]. This parameter 
(d) has been calculated (vide eq. 4) for the ternary liquid mixtures under discussion as a 
function of the composition of the mixtures. It is seen from table 2 that the values 
of dare positive over the entire range of composition for all the ternary liquid mixtures 
at all temperatures. The observed value of d indicates the presence of strong molecular 
interactions between the mixing components [32, 33]. 

3.5. Isentropic compressibility 

Table 3 contains the sound velocity (u), isentropic compressibility (Ks) and excess 
isentropic compressibility (K~) data for the mixtures at 298.15 K. 

Isentropic compressibility (Ks) and excess isentropic compressibility (KJ{) arc 
obtained using the following equation [29]: 

Ks = lju2 
· p 

n 

~ = Ks- L:x;Ks,; 
i=J 

(5) 

(6) 

where, Ks,t gives the isentropic compressibility for the ith component of the mixture. 
As can be seen from table 3. and figure 5 that ~ is negative and such magnitude of 

negative values decreases with increasing number of carbon atoms of monoalcohol over 
the whole composition range for all the mixtures. However, the values of K~ decreases 
to reach a minima at X1 = 0.49, 0.55 and 0.59 for (l) + (2) +methanol,+ ethanol, ami 
+!-propanol, respectively and thereafter increases for every mixture. The trend follows 
the sequence: 

fl':) + (2) +methanol <ethanol < l7propanol. 
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Table 3. Speeds of sound (u), isentropic compressibility (K5). and excess isentropic compressibility (K~) of 
ternary liquid mixtures of various compositions (mole fraction) at 298.15 K. 

XJ. u (ms- 1
) K5 x 10 10 (Pa- 1

} ~ x 1010 (Pa- 1
) XI u (m s- 1) K 5 x 1010 (Pa- 1

) K~ x 1010 (Pa._ 1) 

Water (l)+ethane-1,2-dio\ (2)+methanol Water (I)+ ethane-! ,2-diol(2) +ethanol 

0 1261.26 46.87243 -1.42 0 1305.72 6.43967 -O.S4 
0.20125 1347.Q7 5.93228 -1.61 0.24310 1396.89 5.541S4 -!.Oil 
0.36081 1428.55 4.20481 -1.75 0.41901 1479.25 4.87599 -1.27 
0.49042 1499.42 4.67085 -1.81 0.55220 1544.33 4.42264 -1.36 
0.59779 1550.40 4.32688 -1.76 0.65654 1580.53 4.1813 -1.32 
0.68819 1581.90 4.12151 -1.63 0.74051 \602.50 4.03309 -1.24 
0.76536 1600.12 3.9990 . -1.47 0.80953 1613.36 3.95044 -I. 14 
0.81399 1580.98 4.07328 -1.15 0.86726 1598.63 3.99765 -0.94 
0;89010 1544.20 4.25043 -0.755 0.91627 1566.91 4.13914 -0.66 
0.94125 1509.34 4.44746 -0.37 0.95839 1528.71 4.34161 -0.35 
1.00000 1498.20 4.46822 0 1.00000 1498.20 4.46822 0 

Water (I}+ ethane-1,2-diol (2) +!-propanol 

0 1363.82 5.84636 -0.39 
0.27341 1435.34 5.20294 -0.74 
0.45843 1538.32 4.47445 -0.99 
0.59195 1591.98 4.13337 -1.10 
0.69285 1610.91 4.00023 -1.06 
0.77179 1618.78 3.93120 -1.00 
0.83522 1617.83 3.91023 -0.91 
0.88731 1608.20 3.93490 -0.80 
0.93085 1582.44 4.04692 -0.62 
0.96780 1535.64 4.29368 -0.31 
1.00000 1498.20 4.46822 0 

These results can be explained in terms of molecular interactions [20, 29] between 
unlike molecules. It appears from the sign and magnitude of K~ that specific 
interactions exist between mixing components [34]. The exaltation of polarization 
supported the specific interactions between components in the mixtures [34, 35]. 
This graded behavior is consistent with t_he present viscosity results. 

5. Conclusions 

The investigated mixtures were chosen in order to obtain information about the 
molecular interactions between their components. In this work, the mixed systems have 
been studied in terms of excess molar volumes, viscosity deviations, excess Gibbs energy 
of activation of viscous flow, Grunberg and Nissan parameter, and excess isentropic 
compressibility. The measured data and calculated values of all systems are in good 
accordance, and are theoretically and statistically satisfying. 
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