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The excess molar volumes (VE), viscosity deviations (An), and excess Gibbs energies of activation (AGE)
of viscous flow have been investigated from densities and viscosities measurements for two ternary mix-
tures 1-propanol +ethyl ethanoate +cyclohexane and 1-propanol +ethyl ethanoate + benzene and four
binaries at 303.15 K and atmospheric pressure over the entire range of composition. The empirical equa-
tions due to Redlich-Kister, Kohler, Rastogi et al., Jacob-Fitzner, Tsao-Smith, Lark et al., Heric-Brewer,

and Singh et al., have been employed to correlate VE, An, and AGE of ternary mixtures with their corre-
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sponding binary parameters. The results are discussed in terms of the molecular interactions between the
components of the mixtures. Further, the ERAS model has been examined to estimate VE for the binary
and ternary mixtures and the results are compared with the experimental data.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

We are engaged in systematic studies of thermodynamic, acous-
tic, and transport properties of mixtures involving alkanols, alkyl
alkanoates, and hydrocarbons. Speeds of sound, viscosities and
excess molar volumes of their binary mixtures have been reported
[1-7]. As an extension, study of alkyl alkanoate +alkanols in some
third nonpolar solvent would be interesting, important and will
throw-light on ternary interactions. This paper reports excess
molar volumes (V£ ), viscosity deviations (An), and excess Gibbs

energies of activation (AGE) of viscous flow of two ternary mix-
tures 1-propanol (A)+ethyl ethanoate (B)+cyclohexane (C) and
1-propanol (A) +ethyl ethanoate (B) +benzene (C) and four binary
mixtures ethyl ethanoate (B)+cyclohexane (C), ethyl ethanoate
(B)+benzene (C), 1-propanol (A)+benzene (C) and 1-propanol
(A)+ethyl ethanoate (B) at 303.15 K and atmospheric pressure over
the entire range of composition. The ternary results of VE, An, and
AG:E have been correlated through empirical or semi theoretical
equations due to Redlich-Kister [8], Kohler [9], Rastogi et al. [10],
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Jacob-Fitzner [11], Tsao-Smith [12], Lark et al. [13], Heric-Brewer
[14], and Singh et al. [15]. Further, the Extended Real Associated
Solution (ERAS) model [16,17] has been examined to describe the
VE of presently investigated binary and ternary mixtures.

2. Experimental
2.1. Materials

Cyclohexane (cCgHi2, Merck GR), benzene (CgHg, BDH AR),
1-propanol (C3H;0H, Merck AR), and ethyl ethanoate (C4HgO5,
BDH, AR) were used after further purification and drying by
the standard procedures [18]. cCgHq» was dried over molecular
sieve type 4 A (Fluka) and was fractionally distilled over sodium.
CgHg was shaken repeatedly with concentrated H,SO4 till free
from thiophene, washed with aqueous NaHCO3 then with water,
Dried over anhydrous CaCl, and was fractionally distilled over
sodium. C3H;0H was purified by refluxing over lime for 5h and
then distilling through 1 m column. C4HgO, was kept over anhy-
drous K,CO3 for more than 72 h and fractionally distilled twice.
The purity of all the liquid samples was checked by gas-liquid
chromatography, and comparing measured normal boiling points.
The estimated purity was better than 99.5 mol% for C3H70H and
99.9 mol% for cCgH13, CsHg, and C4Hg O,. The pure component prop-
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Table 1
Comparison of densities p and viscosities 7 of pure liquids at 303.15K.
Liquid p(gem3) n (mPas)

Experimental Literature Experimental Literature
cCgH12 0.76912 0.769152 0.821 0.820°,0.821°,
CeHs 0.86842 0.868434 0.562 0.562, 0.5627¢
C4Hs0, 0.88850 0.88850" 0.400 0.400°
C3H;0H 0.79561 0.79561> 1.726 1.725

3 [19].
b [18].
¢ [20].
d121].
e [22].

erties are in good agreement with literature values [18-22] listed
in Table 1.

2.2. Apparatus and procedures

Densities of pure liquid components and investigated binary and
ternary mixtures were measured by using an Anton-Paar (DMA
60/602 model) vibrating tube digital densimeter attached with an
ultra-thermostat bath (Heto-Birkeroad) controlled to +0.01 K. The
densimeter was calibrated with dry air and with degassed dou-
ble distilled water. The viscosities were measured with a modified
suspended-level Ubbelohde viscometer [23,24]. The details of the
experimental procedure have been described earlier [25,26].

The binary mixtures were prepared by mixing known masses
of pure liquids in air tight, narrow-mouth ground stoppered bot-
tles taking due precautions to minimize evaporation losses. All
the mass measurements were performed on an electronic balance
(Mettler AE 163, Switzerland) accurate to 0.01 mg. The samples for
the measurement were immediately used after preparation. In case
of ternary mixtures the third component, pure 1-propanol, was
added to the known composition of binary mixture of remaining
two components, ethyl ethanoate and cyclohexane/benzene. The
performance of the densimeter and viscometer was checked by
measuring the VE and 5 within the entire composition range for
the test binary mixture benzene + cyclohexane. The possible error
in the mole fraction is estimated to be less than 1 x 10~%. The esti-
mated accuracy of presently measured densities and viscosities is
within 2 x 10~> gcm~3 and 0.002 mPas, respectively.

3. Results

The excess molar volumes Vr%) of binary and ternary mix-
tures at each composition have been calculated using the following
expression

>iascXiMi B Z xiM;

VE =
m 0 i=ABC 0i

(M
where M; is the molar mass of pure component, p and p; repre-
sent densities of mixture and pure components i, respectively. The
estimated accuracy of VE is + 0.005 cm? mol~1.

The viscosity deviations (An) from linear dependence on mole
fraction were calculated by

An=n=3_ . Xl (2)

where n and n; represent viscosities of mixture and pure component
i, respectively.

On the basis of theory of absolute reaction rates [27], the excess
Gibb’s energies of activation (AG'E) of viscous flow were calculated
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Fig. 1. Excess molar volumes VE for xg ethyl ethanoate +xc cyclohexane (W), xg ethyl
ethanoate +xc benzene (a), Xo 1-propanol +x¢c benzene (®) and x5 1-propanol +xp
ethyl ethanoate ([J) at 303.15 K. Solid curves are calculated Eq. (4) with coefficients
in Table 2.

from
AG* = RT {1 V- 1 -v} 3
nn Zi:A,B,CXI nn;Vi (3)

where R is a gas constant, T is absolute temperature, V and V; are
molar volume of the mixture and pure component i, respectively.
The estimated errorsin Anpand AG E are 0.003 mPasand 15 mol—?,
respectively.

The values of VE, An, and AG'E for presently investigated binary
mixtures have been fitted to the Redlich-Kister polynomial equa-
tion of the form

m
Y= x,-x,-ZAp(x,- —xF (i,j=A,B,C) )
p=0

where YE = VE, Az, or AG™.
The coefficients A, of Eq. (4), obtained by the method of least-
squares are given in Table 2 together with corresponding standard

deviations, o (YUE> For C3H70H +cCgHyy, the coefficients Ay are

taken from earlier paper [28]. Composition dependence of VE,
An,and AG'E for binary mixtures C4HgO, + cCgH13, C4HgO, + CgHg,
C3H70H + CgHg, and C3H70H + C4HgO, is shown in Figs. 1-3.

Densities (p), viscosities (1), excess molar volumes (VEI) vis-
cosity deviations (An), and excess Gibbs energies of activation
(AGE) of viscous flow for the ternary mixtures at 303.15K are
given in Tables 3 and 4. The VE, Az, and AG'E of presently investi-
gated ternary mixtures have been fitted to equations proposed by
Heric-Brewer [14] and Singh et al. [15]. These expressions include
three terms corresponding to binary contributions evaluated by
Redlich-Kister equation [8], adjusted to the binary data.

Heric-Brewer [14] used the following equation for ternary mix-
ture

Yapc = Yap + Yac + Yic + XaxsXc[Aasc + BapcXa + CapcXs] (5)

Singh et al. [15] proposed equation is of the following form

Yasc = Yag + Yac + Yac + XaxsXc[Aasc + BagcXa(Xs — Xc)
+Capcx3 (xg — xc)’] (6)

where Aagc, Bagc and Capc are parameters characteristics of the
ternary mixtures evaluated by fitting the Eqgs. (5) and (6) by the
method of least square. The values of coefficients Aagc, Bagc and
Cagc for Heric-Brewer Eq. (5) and Singh et al. Eq. (6) are given in
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Table 2
Coefficients A, and standard deviations o of Eq. (4) for VE, An, and AG™ of binary mixtures at 303.15K.
Property Ao A Ay As o (Yf)
Ethyl ethanoate + cyclohexane
VE (cm® mol ') 4.921 0.412 —-0.338 —-0.387 0.002
An (mPas) —0.573 0.289 -0.238 0.155 0.002
AGE (Jmol-1) —1941 661 —490 327 8
Ethyl ethanoate + benzene
VE (cm?.mol 1) 0.424 0.038 0.226 —-0.015 0.002
An (mPas) —-0.119 0.049 —-0.009 0.026 0.001
AGE (Jmol-1) —480 176 21 126 4
1-Propanol + benzene
VE (cm® mol-1) 0.460 -0.418 0.296 —0.604 0.004
An (mPas) -1.631 -0.269 —-0.485 —0.280 0.002
AG*E (Jmol-1) —2903 1399 —1042 -376 11
1-Propanol + ethyl ethanoate
VE (ecm?.mol-1) 0.992 0.094 0.026 -0.079 0.004
An (mPas) -1.666 —0.538 0.076 0.225 0.003
AG*E (Jmol-1) —2375 873 490 277 6
1-Propanol + cyclohexane’
VE [em3 mol-! 1.640 —0.405 0.607 0.004
A(/mPas -0.926 —-0.283 —-0.065 0.263 0.001
AG*E[J mol-! -1109 -25 -73 630 3

" Taken from reference [28].

Table 5. The results in Table 5 show that Heric—-Brewer equation
yields the smaller standard deviations than the Singh et al. equation.

VE, An, and AGE for ternary mixtures were also correlated
using six empirical equations due to Redlich-Kister [Eq. (7)], Kohler
[Eq.(8)],Rastogietal.[Eq.(10)],Jacob-Fitzner [Eq.(11)], Tsao-Smith
[Eqg. (13)], Lark et al. [Eq. (14)] and the standard deviations o are
presented in Table 6.

Redlich and Kister [8] equation for ternary mixture is

m m
Yapc = XaXp Z(AU)AB(XA —xp)’ + XAXCZ(AU)AC(XA —xc)’
v=0 v=0
m
+XBXCZ(AV)BC(XB —xc)" =Yg + Yac + Yic (7
v=0

Kohler [9] equation is symmetrical in that all three binary mixtures
are treated identically and takes the form

YEoc = (Xa +xB)°Yhg + (Xa + XC)*YEe + (xp + xc)* Y (8)

N > aa s a A

An(mPa.s)
o
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Fig. 2. Viscosity deviation A for xg ethyl ethanoate +x¢ cyclohexane (W), xg ethyl
ethanoate +xc benzene (a), xo 1-propanol +xc benzene (®) and x5 1-propanol +xg
ethyl ethanoate (O) at 303.15 K. Solid curves are calculated Eq. (4) with coefficients
in Table 2.

In this equation YUE. refers to the excess properties of x?, x;’ in the
binary mixtures using following equation:

x4
xX0=1-x%= !
1 J Xj+Xj

(9)

Rastogi et al. [ 10] proposed Eq. (10) for correlating the excess prop-
erties of a ternary mixture

YE = (1/2)[(Xa + %B)YE + (xa +X0)YEq + (xg + x0)YE: (10)

In which YiJE represents the excess properties of the binary mixtures
at composition x?, x]‘? which refers using Eq. (9).

Jacob and Fitzner [11] suggested an equation for estimating the
properties of a ternary solution based on the binary data at compo-
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Fig. 3. Excess Gibbs energy of activation AGE of viscous flow for xz ethyl
ethanoate +xc cyclohexane (M), xg ethyl ethanoate+xc benzene (a), xa 1-
propanol +xc benzene (®) and x5 1-propanol +xg ethyl ethanoate (O) at 303.15K.
Solid curves are calculated Eq. (4) with coefficients in Table 2.
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Table 3 Table 4
Densities (p) and excess molar volume (VE) for ternary mixtures at 303.15 K. Viscosities (1), viscosity deviations (An), and excess Gibbs energies of activation
(AG'E) of viscous flow for ternary mixtures at 303.15K.
XA Xp p(gem—3) VE (cm® mol-1)
“E 1
1-Propanol + ethyl ethanoate + cyclohexane 2 % n (mPas) An (mPas) AG~(mol™)
Xp/[xc =2.9637 1-Propanol + ethyl ethanoate + cyclohexane
0.1553 0.6316 0.84108 0.902 Xp/Xc =2.9651
0.2765 0.5410 0.83559 0.809 0.0666 0.6980 0.460 ~0.128 —291
0.4086 0.4423 0.82940 0.682 0.1309 0.6499 0.494 ~0172 ~315
0.5112 0.3655 0.82439 0.566 01923 0.6040 0.511 ~0.230 —426
0.6065 0.2943 0.81949 0.455 0.2496 0.5611 0.521 ~0.290 564
0.6717 0.2455 0.81592 0.383 0.3085 0.5171 0.538 ~0.345 —671
0.7641 0.1764 0.81057 0.284 0.3684 0.4723 0.554 —0.402 _787
0.8427 0.1176 0.80583 0.191 0.3886 0.4572 0.561 ~0.420 —813
0.9193 0.0603 0.80098 0.099 0.4539 0.4084 0.605 —0.455 -838
0.5216 0.3577 0.666 —0.477 —818
Xg[*c=11038 0.6717 0.2455 0.887 ~0.439 581
U127 DBEE OIE7 N0 0.8427 01176 1.279 ~0.256 226
0.2567 0.3900 0.81415 0.952
0.3785 0.3261 0.81164 0.804 xp/xc =1.1039
0.4828 02714 0.80942 0.668 0.0736 0.4861 0.504 ~0.179 _439
0.5794 0.2207 0.80716 0.548 0.1441 0.4491 0.528 ~0.234 517
0.6718 0.1722 0.80493 0.426 0.2091 0.4150 0.552 ~0.284 ~579
0.7671 0.1222 0.80245 0.302 0.2592 0.3887 0.571 ~0.322 —641
0.8447 0.0815 0.80025 0.207 0.3187 0.3575 0.593 ~0.366 —713
0.9258 0.0389 0.79786 0.102 0.3664 0.3325 0.611 ~0.402 772
0.4346 0.2967 0.657 —0433 —784
Al 0.4802 02727 0.693 ~0.448 776
UL 2158 WA WA 05295 0.2469 0.738 ~0.459 761
U270 ik OIRIVE! 07221 0.6718 01722 0.941 ~0.416 558
Lt e SRS ReE 0.8447 0.0815 1326 ~0226 —201
0.4897 0.1276 0.79155 0.553
0.5867 0.1033 0.79192 0.479 xp/xc =0.3333
0.6794 0.0801 0.79248 0.390 0.0722 0.2319 0.600 —0188 —457
0.7641 0.0590 0.79302 0.309 0.1302 0.2175 0.621 ~0.226 511
0.8570 0.0358 0.79379 0.208 0.2062 0.1985 0.644 ~0.280 ~592
0.9311 0.0172 0.79472 0.098 0.2637 0.1841 0.676 ~0.306 —598
0.3202 0.1700 0.696 -0.343 —652
1-Propanol + ethyl ethanoate + benzene 0.3407 0.1648 0.707 —-0.353 —661
Xg/xc =2.9770 0.4314 0.1422 0.767 ~0.384 665
0.1875 0.6082 0.86841 0.209 0.4907 0.1273 0.816 —-0.396 —648
0.2460 0.5644 0.86384 0221 0.5510 0.1123 0.885 —0.388 -579
0.4212 0.4333 0.84964 0.231 0.6794 0.0801 1057 —0.345 —444
0.4676 0.3986 0.84574 0.228 0.8570 0.0359 1.404 -0.177 —160
0.5222 0.3577 0.84106 0.221
0.7009 0.2239 0.82505 0.174 1-Propanol + ethyl ethanoate + benzene
0.7461 0.1901 0.82083 0.155 Xp/Xc=2.9777
0.7549 0.1834 0.82005 0.146 01875 0.6083 0.485 ~0.197 357
0.8120 0.1407 0.81462 0.115 0.2460 0.5645 0.513 —0.244 —417
0.8613 0.1038 0.80980 0.088 0.4212 04333 0.628 ~0.354 513
0.8627 0.1028 0.80967 0.086 0.4676 0.3986 0.671 ~0.371 ~507
09121 0.0658 0.80471 0.058 0.5222 0.3577 0.730 ~0.382 —484
0.9569 0.0323 0.80013 0.029 0.7009 0.2239 0.981 ~0.361 ~364
0.7461 0.1901 1.063 ~0.336 -318
e =12y 0.7549 01834 1081 ~0.330 308
LIRS OAwep: Dagats DIEE 0.8120 0.1407 1.203 ~0.281 240
Lk i LD 12t 0.8613 01038 1318 ~0230 186
10T 00 Dk 0205 0.8627 0.1028 1322 ~0.228 182
0.4572 0.2733 0.84361 0.191 e e e oG o
Ll LR it 15 EE) 0.9569 0.0323 1.586 ~0.085 59
0.6377 0.1822 0.82887 0.141
0.6854 0.1584 0.82476 0.128 xs/xc =1.0124
0.7531 0.1242 0.81885 0.101 0.1925 0.4062 0.520 ~0.200 ~379
0.7964 0.1024 0.81498 0.084 0.2362 0.3843 0.544 ~0.230 —405
0.8370 0.0821 0.81127 0.068 0.4010 0.3013 0.660 ~0.319 —443
0.8483 0.0763 0.81023 0.063 0.4572 02733 0.710 -0.340 _445
0.9618 0.0192 0.79939 0.017 0.4963 0.2533 0.748 ~0.351 —441
0.6377 0.1822 0.910 ~0.364 —409
0.6854 0.1584 0.980 ~0.354 —381
sition nearest the ternary composition taking the form 0753 0122 R =038 =2kl
0.7964 0.1024 1175 ~0.298 —291
. XaxpYEy XaXcYE. 0.8370 0.0821 1264 ~0.260 242
Yipe = + 0.8483 0.0763 1288 ~0.249 —231
(XA +xc/2)(XB +Xc/2) ~ (Xa+x8/2)(XC +XB/2) 0.9618 0.0192 1.600 ~0.079 63
N xpxcYE (1) xp/xc =0.3506
02175 0.2031 0.535 —0.246 —564
(xB +xa/2)(XC +Xa/2) 03828 0.1603 0.646 ~0335 571
Such that for the binary mixture at composition x?, x?. 0.4913 01321 0.747 —0.365 —538
J 0.5444 0.1183 0.803 ~0.373 —518

X —Xj = X0 — X0 (12) 0.6579 0.0888 0.945 ~0.369 —457
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Table 4 (Continued )

XA Xp n (mPas) An (mPas) AGE (Jmol1)
0.7339 0.0691 1.058 -0.347 —406
0.7479 0.0655 1.083 -0.339 -390
0.7860 0.0556 1151 —0.317 -356
0.8187 0.0471 1.219 -0.288 -312
0.8443 0.0404 1.278 ~0.261 -273
0.9090 0.0236 1.437 —0.180 -179
0.9544 0.0118 1.567 —0.104 -101
Tsao and Smith [12] equation is
XB E Xc E E
yE :(7>Y +( )Y +(1 =X, 13
ABC 1_x,) "B 1_x4) AC ( A) BC (13)

In which the YiE, refers the excess property of the binary mixtures
at composition x?, x]‘? such thatx? =1 - x]‘? = xp for the AB and AC

binary mixtures and x§ = xg/(xp + X¢) for the BC binary mixture.
The proposed equation by Lark et al. [13] for ternary mixtures is
expressed as

Yisc = [(na)ap + (18)ap]Yig + [(nc)ac + (na)ac]Yic
+[(ng)pc + (nc)pcYic (14)

where (n;);; is the number of mole of the component (i) in the binary
mixture (ij) so that

(na)ag + (Na)ac = Xa (15)

and x, distributes itself proportionally between the component (B)
and (C) i.e.

XB

n = X 16

(na)as X x A (16)
Xc

n = X, 17

(Maac = 3= (17)

ERAS model: The ERAS model due to Heintz and coworkers
[16,17] combines the linear chain association model with Flory’s
equation of state [29] and is applicable to mixtures consisting
of one highly associating component and other weakly associ-
ated/polar component, which forms cross-association complex
(AB). This model provides a quantitative treatment of excess molar
enthalpies HE, excess molar Gibbs energies GE,, and excess molar
volumes VE and accounts for the competing effects present in
the binary mixtures [6,30-32]. The ERAS model has also been
used to predict excess properties of ternary mixtures [28,33-35]
from the parameters of the binary constituents. Here, the ERAS
model has been examined to predict VE of ternary mixture
C3H70H + C4HgO, +cCgHq, consisting of one associating compo-
nent (A, 1-propanol), second weakly associated polar (B, ethyl
ethanoate) component that can form a cross-association complex
(AB) and third non-polar inert component (C, cyclohexane). In the
frame work of the ERAS model, the thermodynamic excess prop-
erties of binary and ternary mixtures can be expressed as the
addition of a physical and a chemical contribution. The details
of the ERAS model equations are given elsewhere [17,28,33]. The
ERAS model is characterized by the enthalpy for the reactions
corresponding to the hydrogen bonding energy Ah* and the vol-
ume change (reaction volume) Avf, related to the formation of
the linear chains in associated molecules. The values of unknown
cross parameters: Xag (the Flory’s contact interaction parame-
ter), Kap (the cross-association constant), Ahj, (the association
energy per mole of hydrogen bonds due cross association) and Avj,
(the reaction volume per mole of hydrogen bonds due to cross-
association) were adjusted simultaneously to HE, and VE for binary
mixture data. Once all the binary parameters were known, the VE,
of C3H;0H + C4HgO, + cCgHy; ternary mixture were calculated.

4. Discussion

Table 7 shows that for the studied binary mixtures, experi-
mental and literature values [36,39,41,43] of VE interpolated to
mole fraction 0.5 are in good agreement. An for C3H;0H + C4HgO-
reported by Nikam et al. [43] are more negative than the present
results. The large and positive values of VE (Fig. 1) and large neg-
ative values of An and AGE (Figs. 2 and 3) for C4HgO, +cCgHy
may be attributed to the operation of dispersion forces and to
the disruption of dipolar order in ethyl ethanoate by the addi-
tion of cyclohexane molecules. These results are also consistent
with large positive excess molar enthalpy HE, and isentropic com-
pressibility /cg values (Table 7) for C4HgO; +cCgHy, [36-38]. On
the other hand for C4HgO, +CgHg, the values of VE are small and
positive and of A and AG'E are small and negative. The main rea-
son for relatively small deviations from the ideal values in case
of C4HgO, +CsHg may be that either the different contributions
arising from mixing the components are small or that opposite con-
tributions largely balance each other. The results suggest that the
weak specific interactions appear to occur in alkanoate + benzene
mixture. The interaction may be due to n-w complex formation
between free electrons of the carboxylic group and aromatic ring.
As the VE values for C3H;0H + CgHg are moderate positive, points
to the fact that the effects contributing to the positive VE values
outweigh the effects responsible for negative contributions. The
negative values of An and AGE for C3H;0H +CgHg also supports
this graded behavior. Figs. 1 and 2 show that the values of VE
for C3H70H + C4HgO, mixtures are positive while An are negative.
The magnitude and sign of VE and An suggest that declustering
of alkanol and dipolar disordering of ethanoate in the system is
dominating over the structure formed by alkanol + ethanoate pair
[46].

In order to see the influence of variation of C3H;OH compo-
sition in ternary mixtures, the VE, An, and AGE were studied
by adding C3H;OH to pseudo binary mixture (C4HgO, +cCgH1, or
C4HgO, +CgHg) of different fixed compositions for each ternary
mixture (Tables 3 and 4). Tables 5 and 6 summarize the results
of different correlating equations. Examination of Table 6 shows
that Eq. (7) due to Redlich-Kister gave smaller values of o in
correlating the VE and An while comparatively higher values of
o were obtained with the other equations proposed by Kohler,
Rastogi et al., Jacob-Fitzner, Tsao-Smith, and Lark et al. In the
case of AGE, the values of ¢ are in the range of 57-235]mol~!
for different empirical equations, least being 57Jmol-! for 1-
propanol +ethyl ethanoate + benzene with Rastogi et al. Eq. (10),
while 111]Jmol-! for 1-propanol+ethyl ethanoate +cyclohexane
when the Taso-Smith Eq. (13) is used. The correlating ability was
improved using the correlating equations containing ternary con-
tributory terms (Table 5). The correlation due to Heric-Brewer Eq.
(5) is comparatively better than that of Singh et al. Eq. (6).

The values of VE for ternary mixtures C3H;OH+C4HgO,
+cCgHy; are large and positive while for C3H7;0H + C4HgO, + CgHg
small and positive (Figs. 4 and 5). For the equimolar com-
position (i.e. xa=xg=xc=1/3), VE values of ternary mix-
tures C3H;0OH + C4HgO, +cCgHq5 and C3H;0H + C4HgO, + CgHg are
0.854 cm3 mol~! and 0.220 cm?® mol~!, respectively. It is observed
that by the addition of C3H;OH to pseudo binary mixture
(C4HgO, +cCgHyy) the values of VE decrease. This may be inferred
as the occurrence of specific interactions between alkanol and
alkanoate molecules and the dilution effect on breaking of
dipolar-structure in alkanoate. Nagata et al. [47] have determined
equilibrium constant for alkanol-ethanoate mixtures through HE,
consistent with the present results. The large and positive values of
VE for C3H;0H + C4HgO; + cCgHy; further indicate that the positive
contributions due to dispersion interactions and disruption of H-
bonds in 1-propanol molecules and dipolar order in ethyl ethanoate
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Table 5

Values of coefficients Aapc, Bagc, Capc of Heric-Brewer Eq. (5) and Singh et al. Eq. (6) for VE (cm® mol-'), A (mPas) and AG® (Jmol~') of ternary mixtures at 303.15 K.

Heric-Brewer Eq. (5)

Singh et al. Eq. (6)

Angc Bagc Casc o Ansc Bagc Casc o
1-Propanol + ethyl ethanoate + cyclohexane
VE —7.835 6.975 17.688 0.008 —0.382 22.087 50.194 0.019
An 0.177 —7.266 3.836 0.007 —0.892 4.071 —91.402 0.033
AGT -571 ~18441 12006 58 ~1222 5841 ~438971 115
1-Propanol +ethyl ethanoate + benzene
VE 1.990 —4.106 —0.932 0.007 -1.273 —0.995 87.903 0.020
An 1.422 2.866 0.242 0.004 3.483 0.490 —32.083 0.018
AGE 4610 —881 1720 20 4156 1650 36989 22
Table 6
The values of standard deviations o of VE (cm® mol~'), Ay (mPas) and AGE (Jmol-!) calculated by different empirical equations.
Property o
Eq. (7) Eq.(8) Eq. (10) Eq. (11) Eq. (13) Eq. (14)
1-Propanol + ethyl ethanoate + cyclohexane
VE 0.040 0.055 0.171 0.053 0.209 0.129
An 0.041 0.087 0.147 0.083 0.075 0.113
AGE 151 133 248 138 111 219
1-Propanol + ethyl ethanoate + benzene
VE 0.012 0.068 0.044 0.061 0.068 0.054
An 0.051 0.060 0.129 0.059 0.064 0.057
AGE 93 251 57 235 234 165
by cyclohexane molecules are dominating over the specific inter- propanoate +cyclohexane [48], methyl butanoate+heptane +
actions between alkanol + ethanoate pair. cyclooctane [49], propyl propanoate+hexane +cyclohexane

The value of equimolar VE for C3H;0H + C4HgO; +cCgH13 is con-
siderably reduced from 0.854 to 0.220 cm3 mol~! when cCgHy;
molecules in the mixture are replaced by CgHg. Highly dimin-
ished equimolar VE value indicates beside disruption of alkanol and
ethanoate structures and the specific interactions between pairs of
alkanol, ethanoate and benzene are significant.

In Table 8 we compare values of equimolar, maximum and
minimum VE for different ternary mixtures formed from alka-
nol, alkyl alkanoate and hydrocarbons. Mostly VE values are
large positive for ternary mixtures alkanol+alkyl alkanoate +
cycloalkane, and it reduces when n-alkane or benzene is replaced
for cyclohexane. The expansive region in the ternary mixtures
1-propanol +ethyl ethanoate +cyclohexane, 1-propanol+ propyl

[50], and 1-butanol+dioxane+cyclohexane [35] can proba-
bly be ascribed to the inefficient packing in the mixtures of
these components as a result of their incompatible struc-
tures, cyclohexane with an arm-chair structure. Alkane and
1-alkanol with flexible-chain structures in 1-propanol+ propyl
propanoate + hexane [48], 1-propanol + ethyl propanoate + hexane
[51], 1-butanol + ethyl propanoate + hexane [51], 1-heptanol + ethyl
propanoate + hexane [52], 1-octanol+ethyl propanoate+hexane
[52], 1-hexanol + methyl = pentanoate +octane [53], 1-
hexanol + methyl heptanoate+octane [53], 1-octanol+methyl
butanoate + heptane [54], 1-octanol+butyl butanoate+octane
[55], 1-octanol+butyl butanoate +decane [56], 1-octanol+butyl
butanoate + dodecane [57] mixtures, the packing effects are

Table 7
Values of V, An, AG®, HE, and «£ at equimolar compositions.
Mixture VE (cm? mol1) An (mPas) AGE (Jmol 1) HE (Jmol-1) K& (TPa~1)
C4HgO; +cCsHia 1.230 —0.143 —485 1342°2 620
11772 1307¢
C4HgO, +CsHg 0.106 -0.030 -120 844 —9b
0.117°4
C3H70H +CsHg 0.115 —0.408 —726 746¢ 8f
0.098f
C3H70H + C4Hg O, 0.248 -0.416 —-594 16278
0.241" —0.495"
0.2367"
C3H70H +cCgHyz 0.4104 —0.232} —277i 562k
" 298.15K.
2 [36].
b [37].
< [38].
d [39].
e [40].
f [41].
£ [42].
h [43].
i [44].
i[28].

K [45].
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Table 8
Comparison of equimolar, ternary contribution (Vlfl ABC — VrEn 'bin) , maximum and minimum values of excess molar volumes of several ternary mixtures.
Ternary mixture Vrl;:1, agc (cm? mol~!) Reference
Temperature (K) [ 1l 111 v
1-Propanol + ethyl ethanoate + cyclohexane 303.15 0.854 0.014 1.232 0 This work
1-Propanol + propyl propanoate + cyclohexane 298.15 0.625 0.009 0.775 0 48
1-Butanol + dioxane + cyclohexane 298.15 0.758 0.042 0.95 0 35
Methyl butanoate + heptane + cyclooctane 313.15 0.573 -0.019 0.842 -0.307 49
Propyl propanoate + hexane + cyclohexane 298.15 0.505 —0.038 0.818 0 50
1-Propanol + propyl propanoate + hexane 298.15 0.080 —-0.076 0.363 -0.18 50
1-Propanol + ethyl propanoate + hexane 298.15 0.425 0.005 0.631 0 51
1-Butanol + ethyl propanoate + hexane 298.15 0.350 —0.022 0.631 -0.039 51
1-Heptanol + ethyl propanoate + hexane 298.15 0.180 —0.080 0.631 -0.372 52
1-Octanol + ethyl propanoate + hexane 298.15 0.176 —0.059 0.631 —0.472 52
1-Hexanol + methyl pentanoate + octane 303.15 0.446 0.010 0.647 -0.013 53
1-Hexanol + methyl pentanoate +octane 313.15 0.473 —0.003 0.676 —0.010 53
1-Hexanol + methyl heptanoate +octane 303.15 0.185 —0.084 0.353 -0.013 53
1-Hexanol + methyl heptanoate +octane 313.15 0.345 0.050 0.425 —-0.010 53
1-Octanol + methyl butanoate + heptane 283.15 0.276 —-0.191 0.655 -0.204 54
1-Octanol + methyl butanoate + heptane 313.15 0.296 -0.114 0.791 -0.271 54
1-Octanol + butyl butanoate +octane 308.15 0.252 0.005 0.378 —0.105 55
1-Octanol + butyl butanoate + decane 308.15 0.431 0.014 0.559 —0.009 56
1-Octanol + butyl butanoate + dodecane 308.15 0.534 0.019 0.652 0 57
1-Propanol +ethyl ethanoate + benzene 303.15 0.220 0.012 0.249 0 This work
1-Hexanol + propyl propanoate + benzene 298.15 0.235 0.007 0.341 —0.044 58
1-Hexanol + propyl propanoate + benzene 308.15 0.207 —0.023 0.360 —0.055 59
Propyl propanoate + hexane + benzene 298.15 0.161 —0.148 0.399 —0.044 60

I1=ternary contribution (VE

1=Equimolar values of VE .., £

_yE
LABC Vm,bin

more relevant resulting small positive or negative values of
VE. In case of mixtures, 1-propanol+ethyl ethanoate +benzene,
1-hexanol + propyl propanoate+benzene [58,59], and propyl
propanoate + hexane +benzene [60] involving benzene, the spe-
cific interactions of n..HO, —OH...wr and or n...w types lead to
reduction in VE,.

The values of viscosity deviations An for both ternary mixtures
are negative (Figs. 6 and 7). The values of Az for the equimo-
lar composition of ternary mixtures C3H;OH+C4HgO, +cCgHqy
and C3H7;0OH+C4HgO, +CgHg are -0.388 and -0.288 mPas,
respectively. The negative values of viscosity deviations are
consistent with the destruction of hydrogen bonds in 1-
propanol. The negative values of An were also observed for
methyl butanoate + heptane +cyclo-octane [49], methyl pen-
tanoate or methyl heptanoate+octane+1-hexanol [53], and

Cyclohexane
0.0

1.0

1.0 & reeettl 0.0
0.0 0.2 . . . 1.0
Ethyl ethanoate 1-Propanol

Fig. 4. Isolines at constant excess molar volumes, VE (cm? mol-1) for ternary mix-
ture of 1-propanol + ethyl ethanoate + cyclohexane correlated with Eq. (5) (—) and
ERAS model (------ )at 303.15K.

), Il =maximum value of VE

and IV =minimum value of VE

m,ABC m,ABC”

1-hexanol + propyl propanoate + benzene [58,59]. On compar-
ing the equimolar values of An of C3H;0H+C4HgO,+CgHg
(—0.288 mPas) with C3H;0H+C4HgO, +cCgHyz (—0.388 mPas),
the values of An are decreased when cyclohexane is replaced by
benzene in the mixture.

The viscosity of a mixture strongly depends on the entropy
of mixture [61], which is related with the structure of the liquid
and the enthalpy (and consequently with molecular interaction
between the components of the mixture). Vogel and Weiss [62]
affirm that mixtures with strong interaction between different
molecules present positive viscosity deviations; whereas for mix-
tures without specific interactions, the viscosity deviations are
negative. So the viscosity deviations are functions of molecular
interaction as well as of size and shape of molecules. The negative

Benzene
0.0

1.0

- 0.0
0.0 0.2 0.4 0.6 0.8 1.0

Ethyl ethanoate 1-Propanol

Fig. 5. Isolines at constant excess molar volumes, VE (cm?mol-!) for ternary
mixture of 1-propanol +ethyl ethanoate + benzene correlated with Eq. (5) (——) at
303.15K.
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An
Cyclohexane

0.0 1.0

0.0

0.0 0.2 0.4 0.6 0.8 1.0
Ethyl ethanoate 1-Propanol

Fig. 6. Isolines at constant viscosity deviations, An (mPas) for ternary mixture of
1-propanol +ethyl ethanoate + cyclohexane correlated with Eq. (5) at 303.15K.

values observed for viscosity deviations An of the ternary mixtures
under study point out the easier flow of the mixture when com-
pared with the behaviour of its pure components. This could be
explained by the breaking of the hydrogen bonding in 1-propanol
and disruption of dipolar order that makes the mixture flow more
easily. This is also in accordance with the conclusions of Fort and
Moore [63] about the behaviour of systems containing an associated
component.

The values of AG'E are large and negative for both investigated
ternary mixtures. The dependence of AGE on composition is com-
plex (Figs. 8 and 9), depending upon the different contributions in
the mixture. However, these negative values of AGE are consistent
with the negative values of An and positive values of VE, which
arise due to the structure breaking of both propanol and ethanoate
molecules.

An
Benzene

0.0 0.2
Ethyl ethanoate 1-Propanol
Fig. 7. Isolines at constant viscosity deviations, An (mPas) for ternary mixture of
1-propanol +ethyl ethanoate + benzene correlated with Eq. (5) at 303.15K.

Cyclohexane
0.0

0.0

0.0 0.2 0.4 0.6 0.8 1.0
Ethyl ethanoate 1-Propanol

Fig.8. Isolines at constant excess Gibbs energy of activation AG'E (Jmol~!) of viscous
flow for ternary mixture of 1-propanol +ethyl ethanoate +cyclohexane correlated
with Eq. (5) at 303.15K.

ERAS model: The required pure component properties and
the ERAS parameters are listed in Table 9. The values of sur-
face to volume ratio (S) were taken from Bondi [64]. There
is no self-association in ethyl ethanoate molecules as existed
in alkanols through hydrogen bonds. However, the mixtures
methyl ethanoate +alkane [67], THF +alkane [34], tetrahydropy-
ran (THP) +alkane [67], and alkanol + methyl ethanoate [31], have
been analyzed in frame-work of the ERAS model considering weak
polar-association for alkyl alkanoate, THF, and THP. This weak self-
association in these molecules was considered as a formal result of
the model calculation rather than evidence that a real association
occurs in latter molecules. It has to be interpreted as preferential
interaction among alkyl alkanoate, THF, and THP molecules due to
their dipole moments. Accordingly, we have treated ethyl ethanoate
as a weak dipolar-associated molecule with K;=1. The values of
Ah;;. and Av;} for ethyl ethanoate were estimated from the experi-

mental HE, [36] and VE data of ethyl ethanoate +cyclohexane by

Benzene

0.0 1.0

0.0 0.2 0.4 0.6 0.8 10

Ethyl ethanoate 1-Propanol

Fig.9. Isolines at constant excess Gibbs energy of activation AGE (J mol ') of viscous
flow for ternary mixture of 1-propanol + ethyl ethanoate + benzene correlated with
Eq. (5) at 303.15K.
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Table 9
Properties and parameters of pure components at 303.15 K used in ERAS model.
Liquid V(cm? mol-1) a (kK1) kr (TPa~1) Ka V' (cm® mol-") P’ (Jem—3) Ah* (kJmol~1) Av* (cm® mol!) Sa (A1)
C3H;0H 75.53 1.025° 1071¢ 1674 61.22 395 -25.1¢ -5.6¢ 1.489
C4Hs0; 99.16 1.392f 1245° 1 76.48 503 —10.0 —5.7 1.393
cCeH12 109.42 1.233¢ 11718 - 84.33 534 - - 1.315
CsHs 89.14 1.223¢ 12808 - 69.76 623 - - 1.243

@ Calculated in accordance with reference [64].

b [2].

¢ [65].

4 16].

e [16].

f [66].

g [19].
Table 10
Parameters for binary mixtures and comparison of equimolar experimental and ERAS model results at 303.15K.
Mixture Xi (Jem=3) Kij Ahz (K] mol-1) Avy (cm? mol-1) VE (cm® mol )

Experimental Physical Chemical Total o

C4Hg0; +cCsHi2 40.0 - - 1.230 0.752 0.453 1.205 0.058
C3H;0H +cCgHyy” 6.5 - - - 0.410 0.328 0.134 0.462 0.039
C3H70H +CgHg 7.0 9 —-14.2 -73 0.115 0.414 —0.265 0.149 0.054
C4HgO; +CsHg 2.0 15 5.7 -2.1 0.106 0.000 0.116 0.116 0.014
C3H70H + C4Hg 0, 4.0 10 -9.5 -8.7 0.248 0.182 0.074 0.256 0.010

" Reference [28].

the ERAS model. The values of Ah;j. and Av;;. were found to be

—10.0k] mol~! and —5.7 cm3 mol~!. In mixtures C4Hg O, + C¢Hg and
C3H70H + CgHg, the optimum values of cross parameters Xj;, Kjj, Ah;}
and Av}*j, were obtained by simultaneously adjusting to the experi-
mental equimolar HE, [36,39,40] and the whole composition range

In mixture C3H;0H +C4HgO5, to account for the complex for-
mation C3H;0H-C4HgO, (AB), the values of cross parameters Xj;,
Kj, Ah:.]i, and Av;}. were obtained by simultaneously adjusting to
the experimental equimolar HE, [42] and the whole composition
range VE. The values of the cross parameters for binary mixtures

VE are given in Table 10.
m-
Table 11
The ERAS excess molar volumes along with chemical and physical contributions to ERAS model and difference §V (: V,En'exp - VrE.,ERAs) for 1-propanol +ethyl
ethanoate + cyclohexane at 303.15K.
XA XB VE ., (cm®mol—') Vlfhy (cm3 mol-1) Vias (cm? mol—!) 3V (cm3 mol-1)
1-Propanol + ethyl ethanoate + cyclohexane
Xp[Xc =2.9637
0.1553 0.6316 0.275 0.535 0.811 0.091
0.2765 0.5410 0.256 0.490 0.746 0.064
0.4086 0.4423 0.226 0.440 0.666 0.017
0.5112 0.3655 0.196 0.392 0.587 —0.021
0.6065 0.2943 0.161 0.339 0.500 —-0.045
0.6717 0.2455 0.134 0.298 0.431 —-0.049
0.7641 0.1764 0.091 0.230 0.322 —0.038
0.8427 0.1176 0.054 0.164 0.217 —0.026
0.9193 0.0603 0.020 0.086 0.106 -0.007
XB/XC =1.1038
0.1247 0.4593 0.394 0.690 1.084 0.024
0.2567 0.3900 0.336 0.624 0.960 —-0.008
0.3785 0.3261 0.280 0.556 0.836 —0.032
0.4828 0.2714 0.230 0.484 0.714 —0.046
0.5794 0.2207 0.181 0.418 0.599 —-0.051
0.6718 0.1722 0.134 0.347 0.481 —0.055
0.7671 0.1222 0.087 0.263 0.350 —0.047
0.8447 0.0815 0.050 0.186 0.236 —-0.029
0.9258 0.0389 0.019 0.091 0.110 —0.008
XB/XC =0.3333
0.1460 0.2135 0.360 0.545 0.905 -0.109
0.2702 0.1825 0.303 0.524 0.827 -0.106
0.3834 0.1542 0.249 0.499 0.748 —-0.106
0.4897 0.1276 0.199 0.462 0.661 -0.108
0.5867 0.1033 0.154 0.414 0.568 —-0.089
0.6794 0.0801 0.114 0.354 0.467 -0.078
0.7641 0.0590 0.079 0.284 0.363 —-0.054
0.8570 0.0358 0.044 0.190 0.234 -0.027
0.9311 0.0172 0.019 0.095 0.114 -0.016
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Results of calculated VE and their comparison with the exper-
imental data at equimolar mixture are given in Table 10 along
with the physical and chemical contributions. The ERAS model
VE is in good qualitative agreement with the experimental data.
The standard deviations o(VE) between experiment and theory
are from 0.010 to 0.058 cm? mol~! (Table 10). In C4HgO, +cCgHj>
mixture both the physical and chemical contributions to total VE
are positive as expected. The physical contribution is dominat-
ing over the chemical contribution, which is reflected in to the
large positive value of Xj; that is required for the ERAS model cal-

culations. The values of K;=15, Ah;} =-5.7kJmol"! and Av;} =

—2.1cm3mol™! needed to fit HE, and VE of C4HgO, +CgHg are
consistent with the weak specific-interactions speculated between
ethyl ethanoate and benzene molecules. In case of C3H;0H + CgHg,
the values of X;;=7.0] cm 3, K;=9, Ah;;. =-14.2K] mol™! and

Av;; = —7.3cm3mol ™! are in accordance with the weak specific-
interactions between alkanol and benzene molecules.

Comparison of experimental and the ERAS model V£ data for
the ternary mixture C3H;OH+C4HgO, +cCgHyy are presented in
Table 11. Excess molar volumes for present ternary mixtures were
calculated using binary parameters of constituent pairs and the
results are compared in Fig. 4. The values of o(VE ) for the present
ternary mixture is 0.061 cm3 mol~!. Thus good agreement between
experimental and ERAS model values is obtained. However, predic-
tion of VE at lower mole fraction of alkanol is not as good as at
higher concentration.

The physical and chemical contributions to total VE are posi-
tive for 1-propanol + ethyl ethanoate + cyclohexane. The magnitude
of each contribution depends on composition. e.g. physical contri-
bution in 1-propanol + ethyl ethanoate + cyclohexane is dominating
over the chemical contribution.

5. Conclusions

In this work, VE, An, and AGE have been determined from
densities and viscosities measurements for two ternary mix-
tures 1-propanol + ethyl ethanoate + cyclohexane and 1-propanol +
ethyl ethanoate+benzene and four binaries ethyl ethanoate +
cyclohexane, ethyl ethanoate + benzene, 1-propanol + benzene and
1-propanol + ethyl ethanoate at 303.15K.

The large and positive values of VE are observed for 1-
propanol + ethyl ethanoate + cyclohexane which are reduced when
benzene is replaced for cyclohexane. The expansive region in the
ternary mixtures 1-propanol +ethyl ethanoate +cyclohexane can
be ascribed to the inefficient packing in the mixtures of these
components as a result of their incompatible structures. In case
of mixture 1-propanol +ethyl ethanoate + benzene, specific inter-
actions of n...HO, -OH. . .t and or n. . .7 types leads to reduction in
VE.

Large standard deviations are observed when the VE, Az, and
AG'E were correlated with the empirical equations containing only
binary parameters. The Heric-Brewer equation with ternary con-
tributory terms provides the small standard deviations. The ERAS
model gives an almost quantitative representation of VE of the
ternary mixture C3H;OH +C4HgO, +cCgHq, using model parame-
ters obtained from data of the constituting binaries.

Acknowledgements

We thank authorities of chemistry department, V.N. South
Gujarat University, Surat for providing laboratory facilities.

References

[1] S.L. Oswal, P. Oswal, J.P. Dave, Fluid Phase Equilib. 98 (1994) 225-234.

[2] S.L. Oswal, K.D. Prajapati, J. Chem. Eng. Data 43 (1998) 367-372.
[3] S.L. Oswal, LN. Patel, Fluid Phase Equilib. 149 (1998) 249-259.
[4] S.L. Oswal, J.P. Dave, L.N. Patel, Int. ]. Thermophys. 20 (1999) 1449-1464.
[5] S.L. Oswal, P. Oswal, J.P. Dave, J. Mol. Liq. 94 (2001) 203-219.
[6] S.L. Oswal, K.D. Prajapati, N.Y. Gahel, S. [jardar, Fluid Phase Equilib. 218 (2004)
129-138.
[7] S.L. Oswal, K.D. Prajapati, P. Oswal, N.Y. Ghael, S.P. [jardar, J. Mol. Liq. 116 (2005)
73-82.
[8] O.Redlich, A.T. Kister, Ind. Eng. Chem. 40 (1948) 345-348.
[9] F. Kohler, Monatsh. Chem. 91 (1960) 738-740.
[10] R.P. Rastogi, J. Nath, S.S. Das, J. Chem. Eng. Data 22 (1977) 249-252.
[11] K.T. Jacob, K. Fitzner, Thermochim. Acta 18 (1977) 197-206.
[12] C.C.Tsao, J.M. Smith, Chem. Eng. Prog. Symp. Ser. 49 (7) (1953) 107-117.
[13] B. Lark, S. Kaur, S. Singh, Indian J. Chem. 26A (1987) 1109-1114.
[14] E.L. Heric, J.G. Brewer, ]. Chem. Eng. Data 14 (1969) 55-63.
[15] P.P. Singh, R.K. Nikam, S.P. Sharma, S. Aggarwal, Fluid Phase Equilib. 18 (1984)
333-334.
[16] A. Heintz, Ber. Bunsenges. Phys. Chem. 89 (1985) 172-181.
[17] H. Funke, M. Wetzel, A. Heintz, Pure Appl. Chem. 61 (1989) 1429-1439.
[18] J.A. Riddick, W.B. Bunger, T.K. Sakano, Organic Solvents Physical Properties and
Methods of Purification, Wiley Interscience, New York, 1986.
[19] K. Tamura, S. Murakami, S. Doi, J. Chem. Thermodyn. 17 (1985) 325-333.
[20] C.Yang, Z. Liu, H. Lai, P. Ma, ]. Chem. Thermodyn. 39 (2007) 28-38.
[21] R.H. Stokes, ]. Chem. Thermodyn. 5 (1973) 379-385.
[22] N.C. Exarchos, M. Tasioula-Margar, LN. Demetropoulos, J. Chem. Eng. Data 40
(1995) 567-571.
[23] L. Ubbelohde, Ind. Eng. Chem. Anal. 9 (1935) 85-90.
[24] EA. Goncalves, ]. Kestin, J.V. Senger, Int. J. Thermophys. 12 (1991) 1013-
1028.
[25] S.G. Patel, S.L. Oswal, J. Chem. Soc., Faraday Trans. 88 (1992) 2497-
2502.
[26] R.L. Gardas, S.L. Oswal, . Solution Chem. 37 (2008) 1449-1470.
[27] S. Glasstone, K.J. Laidler, H. Eyring, The Theory of Rate Process, McGraw-Hill,
New York, 1941, pp. 514-516.
[28] R.L. Gardas, S.L. Oswal, Thermochim. Acta 479 (2008) 17-27.
[29] PJ. Flory, R.A. Orwoll, A. Vrij, J. Am. Chem. Soc. 86 (1964) 3507-3515.
[30] M. Bender, A. Heintz, Fluid Phase Equilib. 89 (1993) 197-215.
[31] M. Iglesias, B. Orge, J.M. Canosa, A. Rodriguez, M. Dominguez, M.M. Pineiro, J.
Tojo, Fluid Phase Equilib. 147 (1998) 285-300.
[32] S.L. Oswal, Thermochim. Acta 425 (2005) 59-68.
[33] M. Bender, ]. Hauser, A. Heintz, Ber. Bunsenges. Phys. Chem. 95 (1991)
801-811.
[34] M. Keller, S. Schnabel, A. Heintz, Fluid Phase Equilib. 110 (1995)
231-265.
[35] M. Haro, I. Gascon, P. Cea, C. Lafuente, EM. Royo, J. Thermal Anal. Calorim. 79
(2005) 51-57.
[36] O. Dusart, ].P.E. Grolier, A. Viallard, Bull. Soc. Chim. Fr. 41 (1977) 587-592.
[37] S.L. Oswal, P.P. Palsanawala, Acoust. Lett. 13 (1989) 66-73.
[38] D.D. Deshpande, C.S. Prabhu, Indian J. Chem. Sect. A 16 (1978) 95-98.
[39] J.PE. Grolier, D. Ballet, A. Viallard, J. Chem. Thermodyn. 6 (1974) 895-908.
[40] K.C. Singh, K.C. Kalra, S. Maken, V. Gupta, Fluid Phase Equilib. 123 (1996)
271-281.
[41] P.Bahadur, N.V. Sastry, Int. J. Thermophys. 24 (2003) 447-462.
[42] J.L. Legido, J. Vijande, B.E. de Cominges, J. Garcia, T.P. Iglesias, S. Garcia-Garabal,
J. Fernandez, Fluid Phase Equilib. 148 (1998) 49-68.
[43] S. Nikam, R.M. Tukaram, M. Hasan, J. Chem. Eng. Data 41 (1996) 1055-1058.
[44] ]. Ortega, J.A. Pena, M.L. Paz-Andrade, Aust. J. Chem. 39 (1986) 1685-1690.
[45] ]J. Christiansen, R.W. Hanks, R.M. Izatt, Handbook of Heats of Mixing, Wiley
Interscience, New York, 1982.
[46] S.L. Oswal, S.R. Putta Sharmila, Thermochim. Acta 373 (2001) 141-152.
[47] 1. Nagata, Fluid Phase Equilib. 1 (1977) 93-111.
[48] C. Franjo, M.T. Lorenzana, J.L. Legido, M.I. Paz Andrade, E. Jimenez, ]J. Chem.
Thermodyn. 26 (1994) 1025-1030.
[49] J.L. Trenzado, ].S. Matos, R. Alcalde, Fluid Phase Equilib. 200 (2002) 295-315.
[50] M.J. Souza, E. Jimenez, J.L. Legido, ]. Fernandez, E. Perez-Martell, M.l. Paz
Andrade, J. Chem. Thermodyn. 24 (1992) 119-128.
[51] E.Jimenez, C. Franjo, L. Segade, ].L. Legido, M.I. Paz-Andrade, J. Chem. Thermo-
dyn. 29 (1997) 117-124.
[52] E.Jimenez, C. Franjo, L. Segade, ].L. Legido, M.I. Paz-Andrade, J. Chem. Eng. Data
42 (1997) 262-265.
[53] J.L. Trenzado, J.S. Matos, E. Gonzalez, E. Romano, M.N. Caro, J. Chem. Eng. Data
48 (2003) 1004-1014.
[54] J.L. Trenzado, ].S. Matos, R. Alcalde, Fluid Phase Equilib. 205 (2003) 171-192.
[55] S. Garcia-Garabal, E. Jimenez, C. Franjo, L. Segade, H. Casas, ].L. Legido, M.I. Paz
Andrade, Fluid Phase Equilib. 182 (2001) 265-277.
[56] S. Garcia-Garabal, E. Jimenez, L. Segade, H. Casas, C. Franjo, J.L. Legido, M.I. Paz
Andrade, Thermochim. Acta 405 (2003) 147-154.
[57] S. Garcia-Garabal, L. Segade, O. Cabeza, C. Franjo, E. Jimenez, M.M. Pineiro, M.I.
Paz Andrade, J. Chem. Eng. Data 48 (2003) 768-773.
[58] H.Casas, L. Segade, O. Cabeza, C. Franjo, E. Jimenez, . Chem. Eng. Data 46 (2001)
651-656.
[59] H. Casas, S. Garcia-Garabal, L. Segade, O. Cabeza, C. Franjo, E. Jimenez, ]. Chem.
Thermodyn. 35 (2003) 1129-1137.
[60] H. Casas, L. Segade, C. Franjo, E. Jimenez, M.I. Paz Andrade, ]J. Chem. Eng. Data
43 (1998) 756-762.
[61] W. Kauzmann, H. Eyring, J. Am. Chem. Soc. 62 (1940) 3113-3125.



S.L. Oswal et al. / Thermochimica Acta 484 (2009) 11-21 21

[62] H.Vogel, A. Weiss, Ber. Bunsenges. Phys. Chem. 86 (1982) 193-198. [65] M. Diaz-Pena, G. Tardajos, J. Chem. Thermodyn. 11 (1979) 441-445.
[63] RJ. Fort, W.R. Moore, Trans. Faraday Soc. 62 (1966) 1112-1116. [66] S.L. Oswal, P. Oswal, P.S. Modi, J.P. Dave, R.L. Gardas, Thermochim. Acta 410
[64] A.Bondi, Physical Properties of Molecular Crystals, Liquids and Glasses, Wiley, (2004) 1-14.

New York, 1968. [67] A.Pineiro, A. Amigo, R. Bravo, P. Brocos, Fluid Phase Equilib. 173 (2000) 211-239.



	Volumetric and transport properties of ternary mixtures containing 1-propanol+ethyl ethanoate+cyclohexane or benzene at 303.15K: Experimental data, correlation and prediction by ERAS model
	Introduction
	Experimental
	Materials
	Apparatus and procedures

	Results
	Discussion
	Conclusions
	Acknowledgements
	References


