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Abstract—Experimentally measured data of excess molar volumes and enthalpies at 308.15 K for binary mixtures
of formamide with 1-butanol or 2-methyl-1-propanol were fitted to the Redlich-Kister polynomial equation. Thermody-
namics of molecular interaction in these mixtures was discussed using Prigogine-Flory-Patterson theory, Treszczanow-
icz-Benson association model and Graph theoretical approach. Extent of inter-molecular H-bonding in formamide and
butanol in their binary mixtures was also reflected in their molar enthalpy of association of H-bonding Ah,, and as-
sociation constant K,; calculated from Treszczanowicz-Benson association model. All the three theories predict the

excess property data reasonably well.
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INTRODUCTION

Formamide is the simplest amide that contains a peptide linkage
which combines amino acids into polypeptide to form the building
block of proteins. Addition of alkanol to amide may result in the
intermolecular H-bonding [1-3]. Thus the thermo-physical properties
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of binary mixtures of amide and alkanol would be of great impor-
tance in chemical designing and also for researchers to understand
the nature of intermolecular interactions [3,4].

Addition of inert solvents like alkane to the self associated alkanol
leads to pronounced thermodynamic non-ideal behavior [5-12]. Any
excess thermodynamic property X, for such binary systems may
be considered to consist of two parts, one resulting from breaking
up of the hydrogen bonded network and other due to van der Waals
type interaction between the alkyl chain of alkanol and alkane [13].
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In our previous publications, we described the thermodynamics of
alkanol+aromatic hydrocarbon in terms of Treszczanowicz-Ben-
son (TB) association model [14-16]. Many researchers have inter-
preted binary systems containing one associated component [9,17-
27], whereas systems containing both components of associated
nature are relatively less [9,28-35] in literature. These considerations
prompted us to study the thermodynamics of systems with forma-
mide and butanol. In this paper, we report the excess molar enthal-
pies (H,) and excess molar volumes (V) at 308.15K for form-
amide (1)+1-butanol or 2-methyl-1-propanol (2) mixtures. The meas-
ured HY and V. data were also interpreted in terms of Prigogine-
Flory-Patterson (PFP) model [36-42], Treszczanowicz-Benson (TB)
association model [5,6] and Graph theoretical approach [43,44].

EXPERIMENTAL SECTION

The methods of purification of formamide, 1-butanol and 2-methyl-
1-propanol (Sigma-Aldrich) and their analysis to check purities were
described in our previous publication [35,45,46]. Their purities were
found to be better than 99.7 wt% when analyzed by gas chroma-
tography.

Excess molar enthalpy of mixing (H,, ) data at 308.15 for the binary
mixtures was measured using flow micro calorimeter (LKB-2107,
Bromma, Sweden) in the manner described by Monk and Wadso
[47]. Details and the operating procedure of the calorimeter were
described elsewhere [48,49]. The uncertainty in the measured H,,

values was +1%.

Excess molar volumes (V.,), at 308.15 K for the binary mixtures,
were measured by V-shaped dilatometer in the manner described
elsewhere [50]. The uncertainty in the measured V. values was
+1%.

RESULTS

The measured X, (X=V or H) data, which are recorded in Table 1,
were fitted to the following Redlich and Kister equation:

an:xlxz{%X(")(xl—xz)n} Q)]

where X" (X=V or H) are the adjustable parameters, and x, and x,
are the mole fractions of formamide (1) and butanol (2) in mixture.
These parameters were evaluated by fitting X data to Eq. (1) by
least squares method and recorded in Table 2 along with the stan-
dard deviations of X_., (o'(X.)) [35].

DISCUSSION

The V,, data for formamide+1-butanol were reported at 308.15 K
[58]. A comparison of present data with reported values is shown
in Fig. 1. Our V.. values are somewhat lower than those reported
for the mole fraction (0.2<x,<0.7) but little higher thereafter (x,>

Table 1. Measured excess molar volumes, V,f, and excess molar enthalpies, H,f, data for (1+2) binary mixtures as functions of mole frac-

tions of formamide, x,, at 308.15 K

X, V. (em® mol™) X, V2 (cm® mol™) X, H,, (J mol™) X, H, (J mol™)
Formamide (1)+1-butanol (2)
0.0499 0.023 0.5166 —-0.095 0.0582 260 0.5540 901
0.0862 0.034 0.5799 -0.097 0.0750 325 0.6166 855
0.1629 0.020 0.6482 —-0.095 0.1052 440 0.6624 803
0.2111 0.008 0.7025 —-0.090 0.1458 559 0.7054 750
0.2571 —-0.011 0.7446 -0.079 0.1832 656 0.7250 718
0.2983 —-0.026 0.7699 -0.075 0.2124 719 0.7832 620
0.3254 —-0.041 0.8183 —-0.061 0.2416 780 0.8250 533
0.3629 —-0.050 0.8544 -0.052 0.2790 831 0.8750 416
0.4092 —-0.069 0.8873 —-0.040 0.3250 887 0.9082 320
0.4363 -0.079 0.9218 -0.028 0.4166 929 0.9416 215
0.4675 —-0.083 0.9654 —-0.015 0.4832 927 0.9624 146
Formamide (1)+2-methyl-1-propanol (2)
0.0408 —-0.005 0.5622 -0.221 0.0624 344 0.5832 994
0.1027 -0.016 0.6334 —-0.241 0.0958 503 0.6208 945
0.1751 —-0.039 0.7224 —-0.242 0.1250 626 0.6624 884
0.2364 —-0.066 0.7631 —-0.231 0.1708 794 0.6916 838
0.2873 —-0.093 0.8051 -0.215 0.2040 888 0.7458 740
0.3353 —-0.118 0.8412 —-0.196 0.2580 1002 0.7958 645
0.3772 —-0.136 0.8669 -0.176 0.3040 1073 0.8416 543
0.4225 —-0.159 0.8917 —-0.154 0.3416 1107 0.8708 462
0.4548 -0.174 0.9285 —-0.114 0.3918 1128 0.8958 385
0.4967 —-0.195 0.9469 —-0.092 0.4624 1108 0.9332 275
0.5238 -0.207 0.9745 —-0.055 0.5166 1065 0.9708 128
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Table 2. Values of adjustable parameters, X", of Redlich-Kister equation along with standard deviation, o (X;), (where X=V or H) of
the molar excess volumes or enthalpy for the various (1+2) binary mixtures at 308.15 K

System Property x? X" x? X" o(X,)
Formamide (1)+ 1-butanol (2) \% -0.3634 —-0.3247 0.5270 —-0.2283 0.0018
H, 3705.6 —642.0 837.6 216.5 2.728
Formamide (1)+2-methyl-1-propanol (2) 'S —-0.7840 —-0.8365 -0.1702 -0.1297 0.0030
HE 4330.1 -1618.2 1070.8 979.3 3.010
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Fig. 1. Measured excess molar volumes (V, ,f) of formamide (1)+
alkanol (2) as function of mole fraction of formamide (x,)

at 308.15 K.
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Fig. 2. Measured excess molar enthalpies (H,.) of formamide (1)+
alkanol (2) as function of mole fraction of formamide (x,)
at 308.15 K.

0.7). The H, data for these systems were reported for formamide+
1-butanol at 313.15 K by Pikkarainen [51] and compared with pres-
ent H. data in Fig. 2. The H. values were lower than those re-
ported by Pikkarainen [51], and that might be due to our lower ex-
perimental temperature. The V,, values for formamide-+butanol sys-
tems are negative over the whole composition range (Fig. 3) and
the H,, values are positive for these systems (Fig. 4). At the sim-
plest qualitative level, the observed X, (X=V or H) values may be
attributed to the resultant of two opposing effects/contributions. The
positive contribution arises from the breaking of intermolecular hy-
drogen bonding in self associated pure components, physical dipole-
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Fig. 3. Excess molar volume (V, ,,,E) of formamide (1)+alkanol (2)
as function of mole fraction of formamide (x,) at 308.15 K.

dipole interactions between monomers and multimers, and also due
to disruption in favorable orientation order of pure components; the
negative contribution is due to the formation of hydrogen bonded
interactions between formamide and butanol. At higher tempera-
ture the positive contribution decreases due to weakening of self
association/interaction in pure components, and negative contribu-
tion also decreases owing to lesser interaction in unlike molecules.
The higher value of H., (Fig. 2) at higher temperature indicates that
the decrease in negative contribution outweighs the decrease in po-
sitive contribution. Similar effect of temperature was also observed
for formamide-+propanol mixtures [45]. The measured VZand H.
data were next analyzed in terms of PFP theory, TB association model
and Graph theoretical approach.
1. Prigogine-flory-patterson Theory

According to PFP theory [39], excess molar volume (V) is the
result of three contributions: (i) due to interaction between unlike
molecules that is proportional to interaction parameter (1,), (ii) the
free volume contribution owing to the dependence of reduced vol-
ume upon reduced temperature due to the difference between the
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Fig. 4. Excess molar enthalpies (H,f) of formamide (1)+alkanol (2)
as function of mole fraction of formamide (x,) at 308.15 K.

degree of expansion of the components, and (iii) the P* contribu-
tion that depends on the difference of internal pressures as well as
the difference of reduced volumes of the components. Similarly,
excess molar enthalpy is expressed as the sum of only two contri-
butions: interactional contribution, and free volume contribution.
Thus V,, and H, may be expressed as

E E E E
Vm = Vlnrer + Vfree vol + VP' (2)

& 173 ~2/3 5
Vi _(Vl DV y 6,(x2/P)

ViV @3V o
N &-1/3
(= A4)Y Dy,
@3V " -V
+ (\71—\7*2)(}’; —*P;) 4823 3)
Py +Pyy,
an = anter + Hflf;ee vol (4)

H,, = (x, U} +x,U)[- U(T) + TC (D)1 11, 1 6-/P)

+(x, Ul +x,UDC (D T+ y To-T) ®)

where all the terms have their usual meanings [36,37]. The charac-
teristic pressure, volume and temperature (P;, V; and T;) of the
pure components are reported in Table 3. Calculation of V,, and
H,, from Eq. (2) and Eq. (4) requires the knowledge of Flory interac-
tion parameters 7, (for excess volume) and y;, (for excess enthalpy).
These interaction parameters were computed employing equimolar
experimental data of V,. and H,., and were subsequently used to
calculate V" and H_. at other mole fraction (x,). The calculated vE
and H, values are recorded in Table 4, respectively. The calculated
values of various contributions to the values of V.. and H_: for equimo-
lar mixture, Flory interaction parameters y7}, (for excess volumes)
and y;, (for excess enthalpies) are recorded in Table 5. Calculated
V£ values were found to agree well with respective experimental
data as shown in Fig. 3. But the comparison between calculated and
experimental H, values is reasonably good for x,>0.5 (Fig. 4) and
for x,<0.5 the calculated H. values are less (at the most 150 J mol™
at x,=0.3) than corresponding experimental data (Fig. 4). In these
binary mixtures, P;>P; and V,<V, results in the large negative
contribution of V- which determines the sign of excess molar vol-
ume [52]. The larger P and V smaller values of formamide as com-
pared to butanol lead to negative value of V. as well as positive
H. The branching of alkyl chain in butanol further decreases the
P; and increases the V,. This further increases the negative contri-
bution of V. term as well as dominant H,,,, (Table 5), thus making
V.. more negative and H,, more positive (Fig. 3 and 4).
2. Treszczanowicz and Benson Association Model
Treszczanowicz-Benson association model [5] was proposed for
alkane (1)+alkanol (2) mixtures, and it assumes that the mode of
self association of alkanol is of Mecke-Kempter type in which linear
multimers A are formed due to the consecutive association reaction,

Kij1

A+A =——A(121) ©)

The consecutive thermodynamic association constant K ,_, can be
expressed in terms of the association parameters for standard enthalpy
Ah(z + and entropy Aso,., ., of H-bond formation. In TB association
model, these parameters are taken to be independent of the degree
of association i. Kehiaian [53] observed that standard entropy of
H-bond formation As(:-‘ ., for alkanol depends on the number of seg-

ment 1, in a molecule of monomer. Thus, for an alkanol
Ab; - =Ah), ™
A}, \=As)~RInt, ®
These assumptions indicate that

K
Ki,,-71=—rf ©)

Table 3. Molar volume, V, isobaric expansivity, o, and isothermal compressibility, x;, characteristic pressure, P*, characteristic molar
volume, V*, and characteristic temperature, T*, obtained from Flory theory for the pure liquids at 308.15 K

Compound V (cm’® mol™) 10°x (K™ 10%% &, (em® J71) P* (Jem™) V* (cm’ mol™) T* (K)
Formamide 40.20 0.758 417 808.69 33.46 6236.52
1-Butanol 92.88 1.041 1004 509.72 73.53 5196.82
2-Methyl-1-propanol 93.76 1.066 1116 473.41 73.93 5132.24

Korean J. Chem. Eng.(Vol. 30, No. 8)
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Table 4. Comparison of excess property, Xz, (X=V or H) calculated from Prigogine-Flory-Patterson theory and Treszczanowicz-Benson
association model with their corresponding experimental values (calculated from Eq. (1) at round mole fractions) for the binary
mixtures as functions of mole fraction of formamide, x,, at 308.15 K. TB and TB* represent the values of X,f when either butanol

or formamide was assumed to be associated, respectively

V2 (em’ mol™) H. (J mol™)
Exptl PFP TB TB* Graph Exptl PFP TB TB* Graph
Formamide (1)+ 1-butanol (2)
0.1 0.032 —-0.009 0.036 0.014 0.026 418 269 673 469 410
0.2 0.011 —-0.026 0.004 —-0.001 -0.013 695 499 938 763 685
0.3 -0.028 —-0.047 —-0.037 —-0.031 —-0.046 857 685 1025 920 852
0.4 —-0.066 —-0.069 -0.070 —-0.063 -0.072 928 820 1009 968 928
0.5 —-0.091 —-0.091 —-0.091 —-0.091 —-0.091 926 897 928 928 926
0.6 —-0.098 -0.107 —-0.098 —-0.108 —-0.100 867 907 800 819 856
0.7 —-0.089 —-0.112 —-0.092 —-0.110 —-0.098 755 837 636 657 724
0.8 —-0.067 —-0.102 -0.073 —-0.095 —-0.082 587 676 445 457 535
0.9 —-0.036 -0.067 —-0.042 —-0.058 —-0.051 346 404 231 232 293
Formamide (1)+2-methyl-1-propanol (2)

0.1 -0.014 —-0.043 —-0.003 —-0.032 —-0.003 523 316 794 529 541
0.2 —-0.050 —-0.088 —-0.064 -0.079 -0.070 876 586 1104 868 883
0.3 —-0.098 —-0.131 —-0.125 —-0.128 —-0.126 1068 804 1202 1056 1068
0.4 —-0.149 —-0.168 —-0.171 —-0.169 —-0.168 1125 963 1181 1121 1125
0.5 —-0.196 —-0.196 —-0.196 —-0.196 —-0.196 1083 1054 1083 1087 1083
0.6 -0.230 -0.210 —-0.199 —-0.204 —-0.206 974 1065 930 972 961
0.7 —-0.242 —-0.204 —-0.180 —-0.190 —-0.196 823 985 738 790 778
0.8 -0.220 —-0.172 —-0.139 —-0.152 —-0.162 633 795 515 558 549
0.9 —-0.147 -0.107 -0.079 —-0.089 —-0.098 380 476 267 290 286

Table 5. PFP interaction parameters y},, 7, and equimolar values of the contributions to excess volume and excess enthalpy at 308.15 K

System Ve Viwew Vi zi i Heesa xe

Formamide (1)+1-butanol (2) 0.334 -0.074 -0.351 54.65 926.40 -29.51 84.93

Formamide (1)+2-methyl-1-propanol (2) 0.337 —-0.088 —0.445 52.29 1082.54 —33.48 99.04
where Hy, =AW xh(K’, 4) 14

K, exp[w} I L Y (1s)

RT
where
is a constant for a homologous series of self-associating components. Lt g [In(1+ K"~ In(1+K )]
The number of segments in an alkanol molecule was calculated from (K%, ¢y)= K (16)
the relation, 2
. InK*=1+In(K,/r,) a”n
2
= 11 . . .
ERSTRT) D In these equations R is the gas constant, T is the temperature and

where V, is the characteristic molar volume of the alkanol and 17.12
cm’mol ™! is the van der Waals molar volume for methane [54].

This model was developed for alkane+alkanol mixtures where
the alkane behaves as an inert solvent [5]. It assumes that the X
(X=V or H) are composed of a chemical contribution (Mecke-Kempter
type of association of alkanol) term and a physical contribution de-
scribed by Flory theory [36,37]:

H,=Hi,ctHy (12)

V, =Vt Vi (13)
The chemical contribution is given by

August, 2013

K’ is the volume fraction based association constant and x, and V;
are mole fraction and hard core molar volume of associating com-
ponent. Av, Ah) and As;? are the standard volume, enthalpy and
entropy of association of alkanol.

The physical contribution is obtained from Flory theory [36,37],
which contains the effect of nonspecific interaction between the
real molecular species in the mixture, together with the free volume
term. According to Flory theory [36,37]

V5 2 . ke
e AR as)
Vi= VIV =V, 4+ V6] (19)
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where y,, is Flory’s interaction parameter, V'=x,V,+x,V, is the
characteristic molar volume for the mixture, rand «; are the isobaric
expansivity and isothermal compressibility of pure components and
were taken from literature [55-57] and recorded in Table 3.

The association parameters (Av,5, Ah, and As,}) for butanol in
these mixtures were calculated as suggested elsewhere [58]. As the
experimental C, values for these mixtures were not available in
literature, C, data (0.925 J mol™' K'") for an equimolar mixture of
dimethylformamide+ethanol at 298.15 K reported by Conti et al.
[59] was used for the calculation of association parameters for the
present binary systems at 308.15 K. The most suitable value for
Av,) that predicts V, data close to experimental is —5 cm’ mol™. The
same value was also reported by Liu et al. [60], though Treszcza-
nowicz and Benson [5] and Stoke [61] calculated —10 and —7.5 cm’®
mol™ for alkane-+alkanol mixtures. The values of association param-
eters (Av,, Ah? and As?), association constants, K, and K’, and
Flory interaction parameter y;, for the present binary systems, when
butanol is assumed to be associated, are recorded in Table 6. It has
been observed from Fig. 3 and Fig. 4 that calculated and experimen-
tal V,, and H, values are in good agreement for these systems. The
agreement would have been much better if the exact experimental
values of C, for all these systems were known. This model was
again applied on these systems by assuming that formamide is as-
sociated and association parameters (Avy, Ahy and Asg), K, and
K’, and Flory interaction parameter y,, were again calculated by
the same procedure and reported in Table 6 as TB*. The calculated
V£ and H_, when formamide was assumed to be associated, were
reported in Table 4 and plotted in Fig. 3 and Fig. 4 as TB*. It can
be seen from the Fig. 3 and Fig. 4 that the comparison between cal-
culated and experimental V2, and H., values was better when forma-
mide was assumed to be associated. Since inter-molecular H-bond-
ing in formamide is weaker than butanol, enthalpy of association
of H-bonding Ah,) and association constant K;; should also be less
in formamide than butanol in these systems. This is indeed true in
our case as evident from Table 6. The same was also observed by
Funke et al. [9].

3. Graph Theoretical Approach

According to this theory V*,, may be expressed by [43].
2 2 .
Vi=alz[;[xi€§,~>m] 1—;?@;—} (20)

where ¢, is the constant characteristic of the (1+2) mixture and
can be evaluated using equimolar experimental V.. value (&) and
(&), and (i=1 or 2) are the connectivity parameter of third order in
pure state and in mixtures. These *& parameters were evaluated by
fitting experimental V.. data to Eq. (20). Only those values of (‘&)
and (&), were retained that best reproduced the V., data. The values
of or (i=1 or 2) parameters are recorded in Table 7 and their sig-
nificance was discussed elsewhere [35]. The V., values obtained
from Eq. (20) for the various binary mixtures as a function of x,
are recorded in Table 5 and found to compare well with experimen-
tal data (Fig. 3).

To understand the energetics of the various interactions present
in these binary formamide (1)+alkanol (2) mixtures, it is assumed
that the process of mixtures formation requires:

a) mixing of (1) with (2) to establish (1)~(2) contacts with an in-
teraction energy y*;, per mole of (1)-(2) contacts

b) these (1)-(2) contacts between formamide and butanol would
then cause rupture of

(i) intermolecular association in formamide to yield monomers
of formamide with an interactional energy y;, per mole

(i) intermolecular association in butanol to yield monomers of
butanol with an interactional energy », per mole

¢) the monomers of formamide then interact with butanol to give
1-2 molecular entity with an interaction energy ¥, per mole

The change in enthalpy due to processes (a), (b)(i), (b)(ii) and
(c) would then be expressed [49,62-64] by

AH =X, 7"1,S, 2D

where S, is the surface fraction of butanol involved in (1)~(2) con-
tact and is defined [62,63] by:

X,V

ZXfV,-

Similarly enthalpy changes due to processes (b) and (c) would be
given by:

5, @)

AHy=X, 01 S, (23)
AHb(u):XI/YZZSVZ (24

where S, is the surface fraction of butanol that brings about changes
in formamide and, following our earlier work has been expressed by

Table 6. Values of association parameters, Ah}, As) and Av}, association constants, K,, and K’, of Treszczanowicz-Benson (TB) associa-
tion model and Flory interaction parameter, y,,, for the binary systems at 308.15 K. TB and TB* represent the values of param-
eters when either butanol or formamide is assumes to be associated, respectively

System AhS(Jmol™)  Asy(JK'mol") Avy(em’mol) K, K’ o
Formamide (1)+ 1-butanol (2) B —-17513 —43.56 -5 493 3.2 16.74
TB* —11865 -28.51 -5 332 462 -47.06
Formamide (1)+2-methyl-1-propanol (2) TB -21562 -57.15 -5 467 294 16.30
TB* —12895 —-32.05 -5 325 452 -4442
Table 7. Value of parameters involved in graph theoretical approach
System g 4 Cém (O o 2 X
Formamide (1)+ 1-butanol (2) 0.8 1.49 0.8 1.4 1.7269 2453.42 2341.43
Formamide (1)+2-methyl-1-propanol (2) 0.8 1.4 0.8 1.36 3.4865 3277.89 718.93

Korean J. Chem. Eng.(Vol. 30, No. 8)
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g S _Kxx,V, )
2 XX D= XV, 25)
and
AH=x%,7,,S, (26)

The total enthalpy change due to processes (a), (b) and (c) is given
by:

HE 2| X202 e KX + Koz 27)
m ZXiVj 12 1411 1422 2412

o { x5C4/E)

= 3.3 i|[XTZ+KX1ZI1+KXI/1/22+KX2;{12] (28)
X1 +%,(°61/°8)

For these mixtures, it would be reasonable to assume that y,=
Ky, and K ,,=Ky,=x", then Eq. (12) reduces to

H- { >‘1><2(3§1/3 %)

= 3.5 }[(sz);ﬁzﬂm"] 9)
X1+%,(°¢1/7° %)

Calculation of H,, from Eq. (13) requires the knowledge of two
unknown interaction parameters 7}, and y*. These parameters are
calculated using H,: data at two compositions (x,=0.4 and 0.5) for
various binary mixtures, and were subsequently used to evaluate
H;, at other mole fraction (x,). Such values of H,. along with parame-
ters y3, and y* are recorded in Table 6 along with previously re-
ported (3 &) values [49]. The calculated H_. were found to compare
well with their corresponding experimental values (Fig. 4). This gives
additional support to the assumptions made in derivation of Eq. (29).

CONCLUSION

The thermodynamics of binary mixtures of formamide (1)+1-
butanol or 2-methyl-1-propanol (2) was discussed in terms of Pri-
gogine-Flory-Patterson theory, Treszczanowicz-Benson association
model and Graph theoretical approach. Measured excess molar enthal-
pies (HZ) and volumes (V) data of these mixtures were predicted
reasonably well using these models. The Mecke-Kempter type TB
association model was developed for binary alkane+alkanol sys-
tems having one associated component. For the first time, this TB
association model was applied to systems containing both the com-
ponents associated through H-bonding by considering either of them
to be associated at a time. In both cases, when either formamide or
butanol was assumed to be associated, the calculated H: and V.
values compared reasonably well with corresponding experimental
data. The extent of inter-molecular H-bonding in formamide and
butanol in their binary mixtures was reflected in their molar associ-
ation of H-bonding Ah§ and association constant K.
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LIST OF SYMBOLS

C, :molar excess isobaric heat capacity
AH,, AH,,, AH,;,, AH, : enthalpy of processes in graph theory
Ah}) : standard enthalpy of association

[

K" :volume fraction based association constant

n : number of adjustable parameters in Eq. (1)

P : pressure

P;  :characteristic pressure

P, :reduced pressure

P"  : characteristic pressure of mixture

1 : number of segment in a molecule of monomer
R :gas constant

As;, : standard entropy of association

S,  :contact sites per segment

S,  :surface fraction of butanol involved in (1)-(2) contact

S, :surface fraction of butanol (2) that brings about changes in
formamide (1)

: temperature

: characteristic temperature

: characteristic temperature of mixture

: reduced temperature

: reduced temperature of mixture

: characteristic configurational energy

: reduced configurational energy

: reduced configurational energy of mixture

: molar volume

: characteristic volume

: reduced volume

: characteristic volume of mixture

: reduced volume of mixture

: standard volume of association

: mole fraction

X, :excess molar property

X" : adjustable parameters of Redlich and Kister equation

1~

- -

oG

~_<* < /C\II (@]
dz

<1<* <1

» >
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o

E

Greek Letters

a  :isobaric expansivity

oy, :constant characteristics of binary mixture in graph theory
¢, :hard core volume fraction

Ky :isothermal compressibility

¥ :molar contact energy fraction

o :standard deviations of X

6 :molecular surface fraction

2 connectivity parameter of third order in pure state
(&), : connectivity parameter of third order in binary mixture
7, - flory interaction parameter for excess enthalpies

x5, :flory interaction parameter for excess volume

Subscript

Expt. : experimental

F  :flory theory

free vol. : free volume contribution

i : pure component

Inter. : interactional contribution

MK : Mecke-Kempter type of association

TB : Treszczanowicz-Benson association model when butanol
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is assumed to be associated
TB* : Treszczanowicz-Benson association model when forma-
mide is assumed to be associated

REFERENCES

1. X. Wang, N. Xu, R. Zhang, R.-s. Lin and W.-d. Yan, J. Solution
Chem., 35, 969 (2006).
2. W. L. Jorgensen and C.J. Swenson, J. American Chem. Soc.,
107, 569 (1985).
3. B. Garcia, R. Alcalde, J. M. Leal and J. S. Matos, J. Chem. Soc.,
Faraday Trans., 92, 3347 (1996).
4. A. Maken and S. Maken, J. Ind. Eng. Chem., 18, 1013 (2012).
5. A.J. Treszczanowicz and G C. Benson, Fluid Phase Equilib., 23,
117 (1985).
6. A.J. Treszczanowicz and G C. Benson, Fluid Phase Equilib., 41,
31 (1988).
7. L. Wang, G C. Benson and B. C.-Y. Lu, J. Chem. Thermodyn., 24,
1305 (1992).
8. M. Bender and A. Heintz, Fluid Phase Equilib., 89, 197 (1993).
9. H. Funke, M. Wetzel and A. Heintz, Pure Appl. Chem., 61, 1429
(1989).
10. J. Seo, J. Lee and H. Kim, Fluid Phase Equilib., 172,211 (2000).
11. J. Seo, J. Lee and H. Kim, Fluid Phase Equilib., 182, 199 (2001).
12. U. Bhardwaj, S. Maken and K. C. Singh, J. Chem. Thermodyn., 28,
1173 (1996).
13. C. Kwon and J. Kang, Korean J. Chem. Eng., 26,240 (2009).
14. K. C. Singh, K. C. Kalra, S. Maken and V. Gupta, Fluid Phase
Equilib., 119, 175 (1996).
15. V. Gupta, S. Maken, K. C. Kalraand K. C. Singh, Thermochim. Acta,
277, 187 (1996).
16. K. C. Singh, K. C. Kalra, S. Maken and V. Gupta, Thermochim. Acta,
275, 51 (1996).
17. R. H. Stokes and C. Burfitt, J. Chem. Thermodyn., 5, 623 (1973).
18. R. H. Stokes and M. Adamson, J. Chem. Soc., Faraday Trans. 1:
Physical Chemistry in Condensed Phases, 71, 1707 (1975).
19. R. H. Stokes and K. N. Marsh, J. Chem. Thermodyn., 8, 709 (1976).
20. R. H. Stokes and M. Adamson, J. Chem. Thermodyn., 8, 683 (1976).
21. L-C. Hwang, S.-J. Park and K.-J. Han, Fluid Phase Equilib., 303, 150
(2011).
22.1.-C. Hwang, S.-J. Park and K.-J. Han, Fluid Phase Equilib., 309, 145
(2011).
23. S. H. Shin, I. C. Hwang, S.J. Park and S. J. In, J. Ind. Eng. Chem.,
18, 848 (2012).
24. M. Seo, Y. Kim, J. Lim and J. Kang, Korean J. Chem. Eng., 29,
103 (2012).
25. A. Breitholz, K.-P. Yoo, J. Lim, C. Lee and J. Kang, Korean J. Chem.
Eng., 25, 833 (2008).
26. M. Lashkarbolooki, A. Hezave and A. Babapoor, Korean J. Chem.
Eng., 30,213 (2013).
27. V. Gupta, S. Maken, K. C. Kalra and K. C. Singh, Fluid Phase
Equilib., 120, 195 (1996).
28. C. G Pina and A. Z. Francesconi, Fluid Phase Equilib., 143, 143
(1998).
29.R. B. Torres, A. Z. Francesconi and P. L. O. Volpe, Fluid Phase
Equilib., 210, 287 (2003).

30. W.E. Acree Jr. and S. W. Campbell, Fluid Phase Equilib., 150-151,
207 (1998).

31. M. Geppert-Rybezyniska and T. Hofman, Acta Phys. Pol., A, 114,
91 (2008).

32. M.-G. Kim, Korean J. Chem. Eng., 29, 1253 (2012).

33. I. Khattab, F. Bandarkar, M. Fakhree and A. Jouyban, Korean J.
Chem. Eng., 29, 812 (2012).

34. M. Rani and S. Maken, Thermochim. Acta, 559, 98 (2013).

35. M. Rani and S. Maken, J. Ind. Eng. Chem., 18, 1694 (2012).

36. P. 1. Flory, J. American Chem. Soc., 87, 1833 (1965).

37. A. Abe and P. J. Flory, J. American Chem. Soc., 87, 1838 (1965).

38. I. Prigogine, N. Trappeniers and V. Mathot, Discussions of the Fara-
day Society, 15,93 (1953).

39. D. Patterson and G. Delmas, Discussions of the Faraday Society,
49, 98 (1970).

40. 1. Prigogine, N. Trappeniers and V. Mathot, J. Chem. Phys., 21, 559
(1953).

41. I Prigogine, A. Bellemans and V. Mathot, The Molecular Theory of
Solutions, North-Holland Publishing Company, Amsterdam (1957).

42. A. C. Galvdo and A. Z. Francesconi, J. Mol. Lig., 139, 110 (2008).

43. P. P. Singh and S. Maken, Pure Appl. Chem., 66,449 (1994).

44. S. Maken, B. R. Deshwal, R. Chadha, Anu, K. C. Singh, H. Kim
and J.-W. Park, Fluid Phase Equilib., 235, 42 (2005).

45. M. Rani and S. Maken, J. Ind. Eng. Chem. (2013). http:/dx.doi.org/
10.1016/j.jiec.2013.01.014.

46. M. Rani and S. Agarwal, P. Lahot and S. Maken, J. Ind. Eng.
Chem. (2013). http://dx.doi.org/10.1016/j.jiec.2013.02.011.

47.P. Monk and 1. Wads6, Acta Chem. Scand., 22, 1842 (1968).

48. D. S. Adcock and M. L. McGlashan, Proceedings of the Royal Soci-
ety of London, Series A. Mathematical and Physical Sciences, 226,
266 (1954).

49. S. Kumar, A. Maken, S. Agarwal and S. Maken, J. Mol. Lig., 155,
115 (2010).

50. N. Verma, S. Maken and K. C. Singh, J. Mol. Lig., 141, 35 (2008).

51. L. Pikkarainen, J. Chem. Thermodyn., 23, 877 (1991).

52. M. Costas and D. Patterson, J. Solution Chem., 11, 807 (1982).

53. H. V. Kehiaian, in MTP international Review of Science, H. A. Skin-
ner, Ed., Thermochemistry and thermodynamics, Butteworth, Lon-
don (1972).

54. A. Bondi, Physical properties of molecular crystals, liquids and
gases, Wiley, New York (1968).

55. L. A. Dunn and R. H. Stokes, Trans. Faraday Soc., 65,2906 (1969).

56. A.J. Easteal and L. A. Woolf, J. Chem. Thermodyn., 15, 195 (1983).

57. U. Bhardwaj, K. C. Singh and S. Makin, Indian J. Chem., 37A,316
(1998).

58. K. C. Singh, K. C. Kalra, S. Maken and V. Gupta, Fluid Phase
Equilib., 119, 175 (1996).

59. G Conti, P. Gianni, L. Lepori and E. Matteoli, Fluid Phase Equilib.,
105, 93 (1995).

60. A. Liu, F. Kohler, L. Karrer, J. Gaube and P. Spellucci, Pure Appl.
Chem., 61, 1441 (1989).

61. R. H. Stokes, J. Chem. Soc., Faraday Trans. 1: Physical Chemistry
in Condensed Phases, 73, 1140 (1977).

62. M. L. Huggins, J. Phys. Chem., 74,371 (1970).

63. M. L. Huggins, Polymer, 12,389 (1971).

64. P. P. Singh and S. Maken, Pure Appl. Chem., 66, 449 (1994).

Korean J. Chem. Eng.(Vol. 30, No. 8)




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth 8
  /ColorImageDownsampleThreshold 1.33333
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth 8
  /GrayImageDownsampleThreshold 1.33333
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 150
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.33333
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /DetectCurves 0.000000
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /PreserveDICMYKValues true
  /PreserveFlatness true
  /CropColorImages true
  /ColorImageMinResolution 290
  /ColorImageMinResolutionPolicy /Warning
  /ColorImageMinDownsampleDepth 1
  /CropGrayImages true
  /GrayImageMinResolution 290
  /GrayImageMinResolutionPolicy /Warning
  /GrayImageMinDownsampleDepth 2
  /CropMonoImages true
  /MonoImageMinResolution 800
  /MonoImageMinResolutionPolicy /Warning
  /CheckCompliance [
    /None
  ]
  /PDFXOutputConditionIdentifier ()
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


