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Calculation of excess heat capacities for liquid mixtures
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Abstract

Experimental data of excess heat capacities for 29 binary liquid mixtures of various types
have been correlated by the NrTL and uniQuac models. For nine of these mixtures data at
several isotherms is included. The parameters of the models, six for the NrTL and four for
the uNiQuAc, have been estimated by a minimization technique using Simplex and Fletcher
techniques simultaneously. The partial molar excess heat capacities at infinite dilution are
also calculated. Agreement between experimental and calculated values is satisfactory
except for associating and highly non-ideal mixtures. The uniQuac model performs better
than the NRTL model.

INTRODUCTION

The excess heat capacity CE of binary liquid mixtures is an important
thermodynamic property because it provides information about molecular
interactions in mixtures. The heat capacity of a liquid mixture can only be
calculated with a knowledge of the excess heat capacity at various tempera-
tures and compositions. Previously, excess heat capacities were calculated
by differentiation of the values of excess enthalpy hAE (obtained from the
NRTL and uNiQuac models) with respect to temperature, but the results
were unsatisfactory [1,2]. In order to predict Cf data accurately from this
indirect method, the accuracy of the measurement of hE must be very high
over a narrow temperature range [3]. We have therefore decided to
correlate the experimental Cf data directly with the uNniQuac and NrRTL
models.

The parameters have been estimated by the models for nearly ideal,
associating, highly non-ideal and partially miscible mixtures. The estimated
parameters are also used to calculate the partial molar excess heat capaci-
ties at infinite dilution for each component and specific heat capacities for
some aqueous alcohol mixtures which have heat capacities higher than that
of water [4].
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CALCULATION OF EXCESS HEAT CAPACITIES

The parameters are estimated from the experimental Cf data by the
NRTL [5] and uniQuac [6] excess Gibbs free energy (gE) models. The effect
of temperature on the NRTL parameters are assumed [1] to be

ay =ap,=cs+ce/(T—273.15) (3)

Here, g, — &1, 81— &5 and a;, are the energies of interaction (in J
mol~!) and the non-randomness parameters respectively. The terms c,, ¢5,
¢s (in I mol™) ¢,, ¢, (in J K mol™?) and ¢, (in K) are the coefficients of
temperature.

Based on the Gibbs—Helmholtz equation

d(gE/RT)

oT “)

hE = ——RTz[

the equations for AE have been derived for the NRTL and uNIQUAC models
and explained in detail elsewhere [1,2]. Differentiating the expression for
hE with respect to temperature gives eqn. (5) for CI’,E.

Rx,x,G 8, 2¢c,
p = _T'_Lg—;z_ TBI 2(T_ 273.15)721 - 7 +x1Tc6721('12_7” + 721)
w1818, 2B ,
+ T + [ R +7(T'By —x,¢6T7y)
o w1 - 2x,G, B T+273.15
T’ S, T—273.15
Rxx,Gpp 3, 2¢,
+ —T'IEZZ—— TBZ 2(T— 273.15)1’12 — 7; +x2Tc6712 E]‘_‘—, + T
w, 8,0, ¢4B; ,
+ T [ R + 72(T'By — x5¢6T713)
w 2x,G T+ 273.15
x| —=|1-—-2] - (5)
T' S, T —273.15

where 1, =(g, —81)/RT; 71, =(g, —82)/RT; G, =exp(—1,a,);
Gp=exp(—T1pa,); S;=x,+x,Gy; S;=x,+x,Gpy; 6, =c,/R+T'7y;
8,=c4/R+T'7y; wi=a;,8,+T7yc; Wy=a30,+T7¢s B =S, —
X1Ty1@p; By =S8, —X,7 e, T'=(T —273.15)% R is the gas constant in J
K~! mol™ .
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The effect of temperature on the parameters for the uniQuac model are
given by the eqns. (6) and (7) [1].

ay=d, +d,/T (6)
ap=d;+d /T (7)

Here a,; and a,, are the interaction parameters (in K). Terms 4, and d,
(in K) and d, and d, (in K?) are the coefficients related to the parameters
a;;. The uniQuAc model contains a pure-component structural parameter
g. Anderson and Prausnitz [7] slightly modified the uniQuac model and
introduced new values of surface parameters g’ for the alcohols and water,
to be used in the residual part of the equation. The equation for Cf is
obtained as [2]
e Rqx,0,73

2
Cp = T2(®1 + @27;1) [®1(d1 + 2d2/T) - 2d2(®1 + ®27;1)]

+ Rq;x,0,75
T2(®2 + ®1’rik2)

where 7% =exp(—a;,/T); 75 =exp(—ay/T); O,=x,q9{/(x,q] +x,q5);
0, =x,4,/(x,q; +x,4q;)

[®2(d3+2d4/T)2_2d4(®2+ ®1Tfk2)] (8)

ESTIMATION OF PARAMETERS

In estimating the parameters, the objective function of eqn. (9) was
minimized.

n
[ 20 3 [ = Clisnen)/ Chron]
F= N Z

9)

where n is the number of experimental data points of Cf at a specified
temperature. N is the number of isothermal systems. The term w denotes a
weight factor with the changing value of 10 or 100, according to the
maximum value of CpE for the system considered. For minimizing the
function F, a package program called minuir [8] was used. The mMmNuir
program performs minimization and analysis of the shape of a multi-
parameter function. It incorporates Fletcher and Simplex techniques. Ac-
cording to the global logic built into the program, if one of the techniques
fails or is not satisfactory, then another technique is called automatically to
make further attempts.

n

RESULTS AND DISCUSSION

Using C pE data for various types of binary liquid mixtures, the parame-
ters of the NrRTL and uNiQuac models have been estimated. The mixtures
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TABLE 2

Structural parameters for the uniQuac model

System q q' System q q’
Methanol 1.43 0.96 Hexanol 4.13 1.78
Ethanol 1.97 0.92 Ethylbenzene 3.51 3351
1-Propanol 3.13 0.89 Benzene 2.40 2.40
2-Propanol 3.13 0.89 n-Hexane 3.86 3.86
1-Butanol 3.05 0.88 n-Hexene 3.64 3.64
iso-Butanol 3.05 0.88 n-Heptane 4.40 440
sec-Butanol 3.05 0.88 Toluene 2.97 297
tert-Butanol 3.05 0.88 Cyclohexane 3.01 3.01
2-Methylpentanol 4.13 1.78 o-Xylene 3.54 3.54
3-Methyl-2-pentanol 412 1.78 p-Xylene 3.54 3.54
3-Methyl-3-pentanol 4.82 1.78 m-Xylene 3.54 3.54
4-Methyl-2-pentanol 4.12 1.78 Water 1.40 1.00

include nearly ideal, associating and partially miscible systems. Nine of
them have data at more than one isotherm. When using the NRTL model,
some convergence difficulties occurred with the low temperature data for
Cf for systems 7—10. The estimated parameters and the variances of the
fits are given in Table 1. The variance of the fit is calculated from

Z Z [ paiexptl p i calcd)/ 1,exptl]2 (10)

g =
(Zn N
where Ln is the total number of data points, and Np is the number of
parameters. Other terms are as previously defined. The values of ¢
provide a measure of how well Cf data is correlated by the models. All the
parameters (six for NRTL and four for UNIQUAC) are obtained by regression
of the available experimental data. In order to maintain the physical
meanings of the parameters [5], the values of a;; are forced to change in
the range 0.1-0.7 for the NRTL model. The models may produce multi-roots,
so the parameters that yield the best value of variance of the fit have been
tabulated. The structural parameters of the uNniouac model are given in
Table 2. These parameters are obtained from van der Waals areas of the
molecules [20] and the group contribution method [21].

Cf values provide valuable information about molecular interactions in
the mixture state: hydrogen bonding [10]; steric relations [13]; orientation
[15]; extent of association [18]. A negative Cf indicates that less energy is
required by the molecules in the mixture than in the pure liquid state [9].

The comparisons between the experimental and calculated values of C’F
are given as average absolute errors S which are expressed as

n

)»

E
p i exptl Cp ,icaled

CE

S___

} X 100 (11)

Liexptl
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pu | 1
CE) 1] K' mol

8o 01 02 03 04 06 08 07 08 09 1

X
Fig. 1. Excess heat capacity C,f‘ for the system methanol(1)-butanol(2) at 298.15 K: <,
experimental [9,10]; ®, calculated from the uniQuac model; a, calculated from the NrTL
model. The labels n, i, s and t indicate the four isomeric butanols.

and are given in Table 1. The values of § are rather too high for associating
mixtures such as alcohol-hydrocarbon mixtures and mixtures containing
very polar components like benzonitrile. For the other systems, the perfor-
mance of the models is satisfactory, although in general the uNIQUAC
model performs better. The behaviour of isomers for the mixtures
methanol-butanol and benzene-xylene have been represented satisfacto-
rily by both of the models, as can be seen in Figs. 1 and 2. In Figs. 3 and 4
the performances of the uniQuac and NRTL models respectively are shown,
for the system of isomers of hexanol and n-hexane. These curves are highly
asymmetrical and show peculiar shapes, depending upon whether the
alkanol is primary, secondary or tertiary [19]. These properties are usually
predicted by the models. As can be seen in Fig. 5, the performance of the
models is poor for the system water—1-propanol. The system i-hexanol-n-
hexane produces the S shape for a plot of Cf versus the composition of
1-hexanol. Steric relations [13] are responsible for this kind of behaviour,
which is predicted satisfactorily only by the uUNIQUAC model, as can be seen
in Fig. 6.

For the systems water—methanol, water—ethanol and water—propanol,
the values of specific heat capacities C,,, have been calculated as

Cp,m = CE +x1Cp’1 + (1 _xl)cp’z (12)

where C,; and C,, are the specific heat capacities of components 1 and 2
respectively. These systems have heat capacities higher than that of water
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Fig. 2. Excess heat capacity Cf for the system benzene(1)-xylene(2) at 298.15 K: <,

experimental [16]; ®, calculated from the uniQuac model; a, calculated from the NRTL
model. The labels p, m and o indicate para, meta and ortho xylenes.

in the dilute region of alcohols [4]. Figures 7-9 show the predictions of the
models for such systems when the alcohol composition changes between 0
and 0.2. Although the trend is predicted, the predictions are usually poor.

In order to determine the contribution of the component molecules to
the excess quantities, the difference in the partial molar excess heat

20

E R mol’
D
S

]
=

h
O 01 02 03 04 05 08 07 08 08 1
X

Fig. 3. Excess heat capacity Cf calculated from the uniQuac model for the system
methylpentanol(1)- n-hexane(2) at 298.15 K; O, experimental [19]; m, uniouac. The labels
D, s and t indicate primary, secondary and tertiary alcohols.
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Fig. 4. Excess heat capacity C,',': obtained from the NrTL model for the system methylpen-

tanol(1)-n-hexane(2) at 298.15 K: O, experimental [19]; a, nrTL. The labels p, s and t
indicate primary, secondary and tertiary alcohols.

capacity at infinite dilution from that of the pure state was obtained from
X;=C,,—C,; (13)

and are given in Table 3. The same molecule in a binary mixture vields
different values of X; as the second component changes.

E -1 1
Cp /] K’ mol

L n { 1 L i L L L

e

01 02 03 04 05 08 07 08 00 1
X
Fig. 5. Excess heat capacity Cf for the system water(1)-1-propanol(2) at 288.15 K; O,

experimental [3,14]; B, calculated from the uniQuac model; a, calculated from the NRTL
model.
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73 K mol!

[oN

cE
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L

1

L

60 01 0:2 o.‘a Oj4 0.5 0:6 Oj7 QIB 09 .1

X1
Fig. 6. Excess heat capacity Cf for the system hexanol(1)-#n-hexane(2): ¢ and @, experi-
mental [13] at 265.15 and 280.15 K respectively; 0 and M, calculated from uNiQUAC at

265.15 and 180.15 K, respectively.

Partial molar excess heat capacities at infinite dilution are calculated

from
CE
p
* = 14
() (14
4.30

cpm/y glg™!

2.85 ' L " s . .
0 002004008008 01 0.12 014 018 018 0.2

X2
Fig. 7. Specific heat capacity C,, for the system water(1)-methanol(2): & and @,
experimental [3,14] at 293.15 and 313.15 K respectively; O and B, calculated from the
uniQuac model at 293.15 K and 313.15 K respectively; A and a, calculated from the NRTL

model at 293.15 K and 313.15 K respectively.
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4.45

4.40

4.35

4.30

4.26

Cpm/J] K g

4.20

415

410

4.05

L L L s ' L L s L
0 0.020040068008 01 012 0.14 016 018 02
X2

Fig. 8. Specific heat capacity C, ,,, for the system water(1)—ethanol(2): & and ¢, experimen-
tal [3,14] at 296.15 and 314.15 K respectively; O and B, calculated from the uNiQuac model
at 296.15 and 314.15 K respectively; A and a, calculated from the NrRTL model at 296.15
and 314.15 K respectively.

Experimental values of C;; were determined by graphical extrapolation of
finite concentration data of C /x1x,. Although necessary care has been
exercised at the extrapolation stage the values of C;; are subject to some
uncertainty, especially for those systems where the values of C /XX,

48

Cpm!J K! g

% o.;z 004 0.08008 01 012 o‘.u al1e o,;a 02
X2
Fig. 9. Specific heat capacity C,, for the system water(1)-1-propanol(2): & and 4,
experimental [3,14] at 293.15 and 313 15 K respectively; O and B, calculated from the
UNIQUAC model at 293.15 and 313.15 K respectively; A and a, calculated from the NrRTL
model at 293.15 and 313.15 K respectively.
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TABLE 3
The values of X, uncertainties U; and discrepancies D,

T X; % Uncertainty  Discrepancies

o, -1 -1
€O UK™ mol™) U, U, UNIQUAC NRTL

X, X D, D, D, D,

(1) Methanol(1)-ethanol(2) [9]
25 —-82.7 —114.3 8.1 8.1 7.2 30.6 17.6 0.1
(2) Methanol(1)- 1-propanol(2) [9]
25 —86.0 —146.8 2.0 24 8.4 04 5.7 0.3
(3) Methanol(1)- 1-butanol(2) [9]
25 —87.9 —181.0 0.8 1.3 1.2 33 8.3 0.3
(4) Methanol(1)- iso-butanol(2) [10]
25 —96.6 —188.2 0.5 1.9 0.6 2.8 2.2 0.1
(5) Methanol(1)-sec-butanol(2) [10]
25 -121.0 —-216.4 0.2 0.9 1.8 0.9 5.7 6.1
(6) Methanol(1)-tert-butanol(2) [10]
25 —154.7 —-257.7 2.6 0.5 15.3 64.7 53 0.6
(16) Benzene(1)-toluene(2) [16]
25 —136.9 —158.0 6.6 12.3 1.2 16.1 4.5 23.5
(17) Benzene(1)—- ethylbenzene(2) [16]
25 —138.4 —-189.5 0.7 0.1 3.7 6.9 6.6 35
(18) Benzene(1)—o-xylene(2) [16]
25 -141.3 —-193.5 0.5 0.6 1.5 1.7 0.9 2.4
(19) Benzene(1)-m-xylene(2) [16]
25 -139.9 —186.8 0.7 0.4 6.9 0.6 1.0 5.6
(20) Benzene(1)-p-xylene(2) [16]
25 —1374 —185.0 1.5 0.4 8.9 13.8 2.2 7.1
(21) Benzene(1)-cyclohexane(2) [17]
25 —146.8 —171.5 8.1 0.2 6.0 2.5 8.4 0.3
(23) Toluene(1)- ethylbenzene(2) [16]
25 —156.8 —185.4 24.3 26.7 335 9.7 32.2 6.6
(24) Toluene(1)-o-xylene(2) [16]
25 —158.6 —189.6 1.2 0.6 8.3 54 7.8 5.6
(25) Toluene(1)-m-xylene(2) [16]
25 ~ —-157.8 —182.5 19.7 4.7 3.5 3.6 3.9 4.0

exhibit a steep change in the dilute region [18]. The percentage uncertain-
ties U, based on the average absolute deviation in the extrapolation, have
been expressed as

C;;,i,max - C:,i,min

2C;

P

U=

X 100 (15)
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Here the deviation is taken as one-half of the difference between the
maximum (C;; ..) and minimum (C;, ;) values of the extrapolations.
Comparison of experimental (C;, .,.q) and calculated (Cy, .,..q) heat capac-
ities at infinite dilution by the NRTL and UNIQUAC models, are given in
Table 3 for some systems. Discrepancies between the experimental and the
calculated values of C;; for each isotherm were assessed as

0 00
p,iexptl Cp Ji,caled
o0

p,iexptl

D.=

H

X 100 (16)

The values of D; indicate the percentage error for each component. The
discrepancies are due to the uncertainties of extrapolation in addition to
the limitations of the models.

CONCLUSIONS

For nonlinear temperature dependencies, the parameters of the NRTL
and uNiQuac models are estimated using C}f data for 29 binary liquid
mixtures of various types, including associating and partially miscible. All
the parameters are estimated by regression of the available experimental
data. The models may produce multi-roots and some convergence prob-
lems, (especially in the NRTL model), so necessary care should be exercised
in the parameter estimation.

The models are usually capable of correlating Cf data satisfactorily at
different isotherms for various types of mixtures. However, the predictions
for mixtures including highly polar components and hydrogen bonding are
poor. The performance of the uniQuac model, although it has fewer
parameters, is comparatively better than that of the NrRTL model.
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