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The excess conductivities, o and excess energy of activation (AE,)F of electrical
conductivity have been investigated by using electrical conductivities measure-
ments for isobutyric acid + water (IBAW) mixtures over the entire range of mole
fractions at six different temperatures, both near and close to the critical
temperature (0.055 < (T — T,)/K < 13.055). The results were also fitted with the
Redlich—Kister equation. This system exhibited very large negative values of o®
and very large positive values of (AE,)E due to increased hydrogen bonding
interactions and correlation length between unlike molecules in the critical region,
and to very large differences between the molar volumes of the pure components
at low temperatures. The activation parameters AH, and ASo have also been
calculated, and show that the critical region has an important effect on the
electrical conductivity properties.

Keywords: liquid-liquid critical mixture; phase transition; electrical conductivity;
activation energy; interactions; excess electrical conductivities; excess energy of
activation

1. Introduction

This article represents another contribution to the study of the critical binary mixture of
isobutyric acid + water (IBAW) [1]. We have been investigating and reporting data for this
mixture for many years: transport phenomena [2], ionic structure [3], solvation
phenomenon in a binary fluid [4], the effect of ions on the mixture IBAW [5] and the
phase equilibrium properties occurring in the presence of added ions [6]. The electrical
conductivity of IBAW mixtures has also been studied [7-9]. The variables in the present
investigation are the temperature and the mole fractions. Here, we determine the
temperature effect in the Arrhenius region (7-7.) >2K on the conductivities
o (2 'em™"), where T, is the critical temperature {7, (IBAW)=300.095K}. From our
study, we can deduce the thermodynamic properties of IBAW far away from the critical
point. The excess electrical conductivies are determined along the coexistence curve for
phase separation, which characterise the critical mixture of IBAW and limit the one phase
stability to the two phase regions (thermodynamic instability).
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2. Experimental details
2.1. Materials

The isobutyric acid (IBA) was purchased from Reidel de Haen. The purity of this IBA was
checked and found to be 0.9999 mole fraction, with the main impurity probably being
water. The water used in this study was obtained by deionisation and triple distillation,
and has a specific conductivity of about 107*S™'m~!. Using these chemicals gave a critical
separation temperature of 7.=26.945°C, which compares favourably with 26.948°C
reported in reference [10], and which is a good indication of purity. All mixtures of
IBAW were prepared from weighed amounts of the pure components (IBA)
and water (W). The mass was obtained with a resolution of 10~"kg. The critical mass
fraction of the acid (IBA) was 0.38 which corresponds to a critical mole fraction
x.=0.1114. We choose the binary fluid of IBAW for the following reasons: (a)
their component densities are very close to each other, and thus this mixture does
not have density gradients induced by gravity; and (b) the critical temperature 7, of
IBAW is low.

2.2. Electrical conductivity measurements

The electrical conductivity measurements were carried out using a (Konductometer 702
and cell-type ZU 6985) conductometer, with a conductivity cell consisting of fixed spacing
stainless-steel circular electrodes. The cell had a conductivity constant of 41 cm™' when
filled with 100 mL of the sample. The cell constant changed by no more than 0.1%. The
calibration of the cell was made by using liquids of known electrical conductivity with
NaCl solution. Differential measurement of the cell temperature were checked with the
help of a second electrode which measured temperature within a numerical accuracy of
0.02°C. The temperature difference between the cell and the bath never exceeded more
than 0.03°C. The temperature of the cell was varied from to 7'— Tps =0.05°C in steps of
0.30°C and the overall accuracy of the temperature determination was 0.02°C. Tpg is the
phase separation temperature along phase diagram of the critical mixture. The critical
temperature 7¢ is the top value of Tps. The conductivity measurements are believed to be
reproducible to 0.01% 10°Q 'em™". The cell containing the solution was immersed in a
thermally stabilised water bath with good thermal regulation. The long-term stability of
the cell was better than 20mK. The temperature was measured with a resolution
of +£0.1 mK using a quartz thermometer (HP 2804 A) which was calibrated on an absolute
scale within 0.01 K.

Excess electrical conductivities o~ were calculated from electrical conductivity
measurements in the single phase region (7 > 7). Experimental physical properties of
pure components are shown in Table 1.

E

Table 1. Experimental electrical conductivities o (@ 'em™!) for pure components at different
temperatures from 7=300.15 to 313.15K.

T (K) 300.15 302.15 305.15 308.15 311.15 313.15

10% o (water) (2 'ecm™") 1.2124  1.0603  1.0042  0.9346  0.8503  0.7852
10° o (isobutyric acid) (2 'em™")  0.8435  0.7521  0.6987  0.6421  0.5722  0.5214
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3. Data collection and analysis

3.1. Excess electrical conductivities

Values of the excess conductivities o were calculated from the electrical conductivity

measurement according to the following equation:
o = oy — X101 — Xp0, (1)

where o, is the electrical conductivity of the mixture, o, and o, are the electrical
conductivities of the respective pure components, where 1 denotes IBA and 2 denotes
water (W), respectively.The electrical conductivity and excess electrical conductivities of
the IBAW mixtures are given in Table 2 at six different temperatures near and far away
from critical temperature: 7—7.=0.055K, T7-T7.=2.055K, T-T.=5.055K,
T—T.=8.05K, T—T.=11.055K and T— T.=13.055 K.

The conductivities of IBAW mixtures have a minimum (Table 2) at X; =0.4499 at
300.15K (T— T.=2.055K). In this temperature region the fluctuation correlations of
concentration are also important. It is generally observed that the electrical conductivity
depends on both the temperature and mole fraction. We detect an anomaly near the
critical composition X.=0.1999 mole fraction of IBA.

Figure 1 shows the variation of ¢" of binary mixtures of IBAW with the mole
fraction of IBA, at the six investigated temperatures. Figure 1 deserves some comments:

(a) The excess electrical conductivities are negative for all temperatures of the mixture
IBAW.

(b) The largest magnitude of the negative values of o are obtained in the region of
0.1-0.45mole fraction of IBA with a critical region centred around X.=
0.1999 mole fraction of IBA. This result is not surprising because the molecular
correlations between water and IBA are strong.

(c) Because of the critical behaviour of the IBAW mixtures, the temperature has no
significant effect on o*.

On the other hand, Figure 1 shows that the magnitude of the negative values of o
marginally decreases with an increase of the molecular correlation that is characterised by
a correlation length according to the scaling law, Equation (2),

T—TN\"" T-T,
) o))

where &, is the critical amplitude of the IBAW mixtures and v is the universal critical
exponent (v=0.63). The correlation length & diverges at 7= T, and all molecules of IBA
are correlated with water molecules. This critical phenomenon has been known for a long
time in mixtures. On the other hand, the IBA molecule has a proton donor site and the
water molecule has a proton acceptor site. Therefore, the negative excess volume is an
indication of strong heteromolecular interaction in the liquid mixtures and, according to
Fort and Moore [11], this can be attributed to specific interactions (hydrogen bonding)
and non-specific interactions (dipole—dipole, dipole—induced-dipole, dispersion interac-
tions) that depends on temperature [11,12]. Hence, there will be a significant degree of
H-bonding, leading to strong correlations between the molecules. The difference in the size
of the molecules also can play a role in this phenomena [13].
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Figure 1. Excess electrical conductivities o for IBAW mixtures vs. mole fraction X; of IBA at the
different temperatures.

3.2. Excess energies of activation of electrical conductivity

On the basis of the theory of absolute reaction rates [13—15], the excess energies (AE,)" of
activation of electrical conductivity were calculated using the following equation:

(AE,)E= —RT[In(o—m> “In (ﬁ)] 3)
(o)) (o)}

where o,,, 01 and o, are the electrical conductivities of the binary critical mixture and the
pure components, R is the gas constant and T the absolute temperature. (AE,)" values are
reported in Table 3 for various temperatures as a function of the mole fraction X; of the
IBA, and are plotted in Figure 2.

The observed (AE,)F values are positive for the entire mole fraction range of IBA.
From these large positive values, we can deduce that the importance of (AE,)¥ increases in
the critical region 0.10 < X; < 0.45. It is clear that molecular correlations have an effect
on (AE,)F from small thermal variations. Outside of this domain, (AE,)* depends only on
X without having a significant dependence on the temperature.

To analyse our electrical conductivity o,, of the mixture one can use an exponential
formula due to equivalent Arrhenius law [16,17]:

—AE0:|

4)

Om = 0 exp|: RT

where o, AE,, R and T are the Arrhenius constant, the activation energy, the gas constant
and the absolute temperature, respectively. Calculated values of AFE, are reported in
Table 3 for various temperatures, and are plotted against the mole fraction of IBA in
Figure 3.

In the water-rich region and near the critical composition (from X; =0 to X.~0.1114),
the AE, values exponentially increase with X, which is an effect on AE, resulting from
the strong correlation between the water and IBA molecules in the vicinity of X..
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Figure 2. Excess energies of activation (AE,)F for IBAW mixtures vs. the mole fraction X, of IBA at
the different temperatures.
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Figure 3. Energies of activation AE, for IBAW mixtures vs. the mole fraction X; of IBA at the
different temperatures.

For a fixed temperature and away from X., the mole fraction has no significant influence
on the AE, values.

3.3. The activation parameters AH, and AS,
We can use Equation (5) to determinate the activation parameters AH, and AS,,

AE, = AH, — TAS, ®)

By assuming that the activation parameters AH, and AS, are independent of
temperature [16,17] (i.e. far away from the critical temperature), we can obtain these
parameters for each mixture composition (X7, X3) by plotting In(o,,/0¢) against 1/7. Using
both graphical and least-squares fitting methods, the slope of the straight line is equal to
AH,/R, and the intercept is equal to —AS,/R. The obtained activation parameters AH,
and AS, for the binary mixture are presented in Table 3 and are shown in Figure 4.
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Figure 4. The enthalpy (AH,) and entropy (AS,) of activation of electrical conductivity for IBAW
mixtures vs. molar fraction X; of IBA.
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Figure 5. Correlation between the entropy (AS,) and enthalpy (AH,) of activation of electrical
conductivity for IBAW mixtures vs. the mole fraction X; of IBA.

The activation parameter values AH, and AS, both exponentially increase with the mole
fraction X of IBA at the critical composition X, and then decrease smoothly to the AH,,
and AS,; of the pure IBA. An anomaly is observed in the very water-rich region (before
the critical composition X.), where AH, and AS, increase and rise to a localised
maximum. In fact, in the highly dilute region, the IBA is weakly dissociated by water, and
the positive values of AS, suggest that structural order is not destroyed much by the
activation process, inasmuch as bonds are not broken between the associated molecules to
form smaller units.

These distinct behaviours are clearly shown when the correlation between disorder and
order is plotted in Figure 5. If we neglect the observed anomaly from IBA dissociation
occurring in water at high dilution solution (X; < 0.02), we can conclude that there are
two association type structures limited by the critical composition X.==20.1114
(corresponding to one IBA molecule + eight water molecules approximately).
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Table 4. Coefficient A4, from Equation (6) for excess conductivities o= and the excess energies of
activation of electrical conductivity (AE,) " of IBAW at the different temperatures.

A; 300.15 (K) 302.15 (K) 305.15 (K) 308.15 (K) 311.15 (K) 313.15 (K)

10068 (@ 'em™) 4, —0.0129  —0.008 —0.010 —0.005 —0.002 —0.001
A, —13.47 —12.180  —11.161  —10.261 —9.166 —8.332
A>  96.98 87.541 80.326 73.890 65.619 59.323
A3—356.17  —319.683 —295.430 —292.306 —240.619 —216.672

Ay 738417 655.877 611.529 564.673 497.068 446.382
As—859.125  —-756.618 —711.467 —657.662 —577.179 —517.266
Aq 524.097 458.096 433.942 401.284 351.328 314.363

A;—130.097 —113.026 —107.729  —99.613  —87.048  —77.798
(AE)® (Kjmol™") 49 —0.003 —0.04 —0.03 —0.04 —0.05 —0.05
A; 34.49 36.25 35.07 34.77 34.16 33.59
A,—-160.88  —16506  —163.56  —16624  —163.31  —159.74
As 336.70 312.02 342.33 372.31 367.49 358.19
A;—289.22  —159.56  —294.04  —391.90  —39239  —381.35
As —49.14  —279.34 —49.96 97.40 107.91 103.59
Ag 224.76 405.86 228.51 122.47 111.06 109.22
A; —96.70  —150.12 —98.31 —68.78 —64.900  —63.46

3.4. The Redlich—Kister function
For the IBAW mixtures, the excess molar properties were correlated by the Redlich—Kister
equation (R-K) [18], Equation (6), and fitted to a polynomial Q;,

i=n—1

0; = xi(1 —x1) Z Ay (2x; — 1), (6)

where Q, (j=1,2) denotes the excess conductivities o, and the excess energies (AE,)" of
activation of electrical conductivity, respectively. The concordance with experimental data
requires more parameters (n in Equation (6)), especially for o and (AE,)". The values of
the coefficients 4; are summarised in Table 4. Therefore, it is observed that the R-K
‘model’ does not reproduce the main features of the experimental data even by using a high
number fitted parameters adjusted to describe o and (AE,)F for the IBAW mixtures. For
these mixtures that show a critical behaviour, the correlation fails. This is not surprising,
considering that the R—K model does not consider all the possible interactions occurring in
the studied mixtures, such as the critical behaviour around x.220.1114 mole fraction and
the dissociation of IBA by water in the very dilute region.

The reduced excess quantities f}(x;), Equation (7), are plotted in Figures 6 and 7 versus
the mole fraction X of IBA.

i=n—1

i) = — (1 = 2 Allxi - ™

where j=1, 2 and 3 denote o and (AE(,)E, respectively.

However, noteworthy changes in curvature were found for the three studied excess
properties f}(x;) for dilute solutions of IBA. It is not difficult to find an explanation for
these anomalies: (a) In the very dilute region, the slope changes can be associated with the
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Figure 6. The Redlich-Kister function fj(X;) for the ratio o%/(X;(1 — X;)) of the excess
conductivities for IBAW mixtures vs. the mole fraction x; of IBA at the different temperatures.
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Figure 7. The Redlich—Kister function f>(X;) for the ratio (AE,)E/(X (1 — X1)) of the excess energies
of activation of electrical conductivity for IBAW mixtures vs. the mole fraction X; of IBA at the
different temperatures.

thermodynamic dissociation equilibrium, Equation (8). In fact, in the highly dilute region
(0 < x; < 0.02 and molar concentration ¢; < 1 mol L™"), we must take into account the
ionisation of IBA and the fractional dissociation « (Equation (9)) that is not negligible
005 <a< ),

(CH53),CHOOH == (CH3),CHOO™ + H™, (8)

a = [(CH3),CHOO J/c; = 107PH /¢y, )

where the IBA molarity is ¢; < 0.15mol L™", which corresponding to molar fraction
x1 < 0.003. (b) The Redlich—Kister theory correlation does not consider all possible
interactions that occur in the studied mixtures, especially the critical (correlation)
behaviour. In fact, around the critical region, the interaction between (IBA) and (W)
molecules are characterised by a divergence of the correlation length (Equation (2)).
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The reduced excess electrical conductivity, fi(X;)=0o%/(X\(1—X))), exponentially
increases at lower concentrations of IBA as shown in Figure 6, and then varies smoothly
for compositions greater than the critical mole fraction X.. We conclude that at higher
temperatures, there will be a competition between molecular interactions and thermal
agitation. Thermal agitation is dominant at temperatures higher than 313.15K, and vice
versa at temperatures lower than ~300.15 K. The fi(X) curves in Figure 6 exhibit a sharp
increase when IBA is added to water, the maximum occurs at the critical composition
(x.=20.1114) for all of the studied temperatures. The behaviour was observed at all studied
temperatures.

As shown in Figure 7, the reduced excess energy of activation (AE,)F, f2(X,) = (AE,)"/
(X1(1 — X7)), exponentially decreases with X; around the critical fraction X, then it
decreases slowly and becomes independent of temperature in the IBA-rich region.

4. Conclusions

We conclude that all reduced excess functions f(X;) monotonically decrease with
temperature, as expected. Also, a peculiar change in curvature was found for these
functions in dilute solutions of IBA. Distinguishing behaviours are observed, especially
near the critical temperature, limited by the critical composition. The Redlich—Kister
correlation equations, even for eight or more parameters, are not sufficient to
represent the IBAW systems as binary liquid mixtures. From an analysis of the results,
it is clear that the complexity of the critical mixtures and the acid dissociation of IBA
are reflected in the reduced excess functions. It is obvious that the structure of water
is very much effected by IBA and this phenomenon is more pronounced at the
critical composition in a larger temperature range, even far away from the critical
temperature.
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