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Abstract

The change in binary azeotrope composition affected by pressure change is determined by the difference in the
partial vaporization enthalpies of the components. Knowledge of this dependence allows to predict azeotrope behavior
and to use it for separation by pressure swing distillation without added entrainers. Precise values of the partial
vaporization enthalpies is especially important for biazeotropic systems, where the same pressure change have different
effects on the compositions of positive and negative azeotropes. Partial vaporization enthalpies can be obtained from the
excess molar enthalpies of mixtures.

In this study, the excess molar enthalpies of three biazeotropic systems (isobutyl acetate—acetic acid, butyl
propionate—propionic acid, butyl butyrate—butyric acid) were measured at about 373 K and 101.3 kPa (corresponding to
the conditions of distillation) over the full concentration range using precise Calvet-type heat-flow calorimetry provided
by Setaram C80 calorimeter, and correlated by a polynomial equation. The partial molar vaporization enthalpies
calculated from these data showed that these values of the ester are lower than that of the carboxylic acid in all three
systems. Obtained data are the basis needed to predict how azeotropes in biazeotropic systems evolve with pressure

change.
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Introduction

There is an industrial relevance for the separation of binary and multicomponent azeotropic mixtures. An
azeotrope is a thermodynamic limitation of the possibility of distillation in one column into pure components [ 1,2]. For
separation of azeotropic mixtures, special methods are required. Most often, the systems contain an azeotrope over a wide
pressure range. Pressure swing distillation (PSD) is used for separation of mixtures with a pressure-sensitive azeotrope
[3-6].

Type of vapor liquid equilibrium (VLE) transformation determines the choice of the separation method. Usually
azeotrope appears (or disappears) through a boundary tangential azeotrope. In biazeotropic systems, this can also occur
through the formation of an internal tangential azeotrope [7]. The biazeotropic systems becomes zeotropic after
disappearance of the internal tangential azeotrope. Systems isobutyl acetate — acetic acid, butyl propionate — propionic

acid, and butyl butyrate — butyric acid may be considered as example of such behavior [8-11]. They can be separated by



ordinary distillation, if the coefficient of relative volatility of the components a is far (significantly different) from 1. In
biazeotropic systems one of the azeotropes can also disappear through boundary tangential azeotrope. Then, PSD can be

used to separate the monoazeotropic system.

The change of the binary azeotrope composition with varying conditions (dxlA */dT ) is uniquely determined

by the thermodynamic Vrevsky's law [1,12]. The sign of dxlA “ / dT for any binary azeotrope composition is determined

by the ratio of the partial molar vaporization enthalpies of components ( H v H v, ):
low-boiling azeotrope (min T — max P):

dx*/dT >0 at H, > H, ; dx /dT <0 at H, <H, (1a)

high-boiling azeotrope (max T — min P):

abclAZ/dT>Oat[—TVl<H_V2;d)clAZ/dT<Oat[—TVl>H_V2 (I1b)

Theoretical studies and modeling for nontrivial cases of biazeotropic systems are desirable to confirm

experimentally. The partial molar vaporization enthalpies of components can be determined from data array on the integral

vaporization enthalpies H y
HV:HV]-x1+HV2-x2. 2)
Here x;, x> — mol. fraction of components. Equation (2) can be written in expanded form:

H, :(HVI —111_{5)x1 +(HV2 —H_f)xz. 3)

Here H IE H f — partial molar excess enthalpies of components.

Experimental calorimetric data for binary systems at high temperatures are scarced [13]. Experimental data for
systems containing esters of carboxylic acids, usually given for low temperatures [14-17]. Therefore, excess molar

enthalpies of binary mixtures are not taken into account. The following assumption is used:

H,=H, -x+H, -x, “4)

Estimation of the legitimacy of such replacement is especially important when studying the evolution of
biazeotropic systems.
Enthalpy of vaporization is a crucial thermal property of substances and mixtures. A precise assessment of

vaporization enthalpy and its temperature dependence is essential in studying phase transitions [ 18-20]. Reliable data on
the molar enthalpy of vaporization for pure substances ( H I(/) ) and mixtures ( /1, ) under various conditions of phase

equilibrium are necessary for thermal balance calculations in distillation columns. In the absence of experimental data,
thermodynamic methods for calculating the enthalpy of vapor formation of the mixture are used [21, 22].

It is also worth noting that the process of directly measuring the enthalpy of vaporization using calorimetry is
intricate and time-consuming, therefore, experimental data are not numerous [18, 23-27]. To our knowledge, there are no
arrays of necessary experimental calorimetric data for the conditions of biazeotropy existence in systems complex ether
— monocarboxylic acid.

In this work the excess molar enthalpy for biazeotropic systems isobutyl acetate — acetic acid, butyl propionate
— propionic acid, and butyl butyrate — butyric acid at atmospheric pressure and about 373 K were experimentally

measured.

Experimental part



The method of measuring of excess molar enthalpy in binary mixtures containing carboxylic acids with the use
of C80 Calorimeter was tested on the example of n-propanol — acetic acid mixture [28].

Design of the calorimeter is based on Tian and Calvet principles [29]. The main element of the Calorimeter is a
calorimetric chamber which is adapted to rotations of 180° thus this mechanism is designed to increase the degree of
mixing of the studied liquids. It is established that the energy resulting from the movement of liquids in the capsule is
insignificant in comparison to the effect of mixing liquids.

To calibrate the calorimeter, the Joule effect, or electrical calibration was used. To simulate the experimental
vessel with the sample inside, a vessel with a built-in heater were used, which was also calibrated by using a series of
precise heat inputs.

To control the course of experiment we used the CALISTO software. Experimental measurements were
performed with use of membrane mixing cells, which were specially designed to study the mixing of two substances in
order to obtain the corresponding values of interaction heat. Cylindrical stainless cell was consisted of two cell chambers,
which are isolated by membrane from each other.

The purity of all reagents was tested by gas chromatograph and was more than 99.9%. All reagents were
purchased from “BASF” and “Sigma-Aldrich” (Germany). The index of refraction of substances also was measured and
was confirmed to correspond to the literature data.

One sample was placed into the lower cell chamber (2.5 ml), and the other one into the upper cell chamber (3.5
ml). A sharp-edged impeller, connected to a command rod, movable along the central shaft of the cell and the cell well,
was used to break the membrane in order to mix the substances.

Thus, high fidelity of obtained experimental data is ensured by modern equipment implemented in the
experimental set-up. To weight our samples, a Sartorius MSU225S analytical balance (precision £0.01 mg) was used.
The uncertainties in the mole fractions were less than 0.0002. Both measuring and reference cells were loaded with the
same amount of substance. The cells were then inserted into the calorimeter thermostat and kept there for 1 hour for
equilibration. Before the enthalpy of mixing measurement, the temperature and heat flow signals have been being stable
during at least 30 min. By lowering the control rod of the measuring cell and breaking the separation membrane, agitating
of liquids was initiated. Then the rod has been returned to an initial state. After establishing the thermal stability, which
indicates the end of the experiment, we made a correction for the movement of the rod, i.e., the rod was once again
lowered and raised. Integration of the heat flow peaks yields the excess enthalpy. After heat flow and temperature
stabilization, the similar actions have been done with the reference cell: in this case the values of the enthalpy have to be
taken with a reversed sign. For each pair of substances, we repeat the measurement at least two times.

The correction on the heat of evaporation of the liquids by the method suggested in [30] was taken into account.
The necessary physical reference data have been taken in NIST [31]. Experimental values of excess molar enthalpies
HEe, of system complex ether (1) — monocarboxylic acid (2) about 373 K and atmospheric pressure are presented in

Tables 1-3.

Table 1. Excess molar enthalpy (H%, J mol™!) of isobutyl acetate (1) — acetic acid (2) at 373.21 and 101,3 kPa

Xi HEoxp HEcaie
0.10004 -8.7 -2.45
0.20032 -5.2 -10.3
0.20051 -6.8 -10.3
0.39987 21.5 22.9
0.40015 18.5 23.0
0.50106 61.8 62.0
0.50371 58.9 63.1
0.59935 105.3 98.4

0.59979 101.7 98.6



0.69899 121.4 118.5

0.79766 100.9 109.9
0.80084 105.1 109.0
0.89949 71.3 67.4
0.89950 71.1 67.4

Standard uncertainties of temperature 7 and mole fraction x are as follows: u(7) = 0.05 K, u(x) = 0.0001, and the
relative expanded standard uncertainty Ur for the excess enthalpies is U{(HE ) = 0.03 (95% level of confidence)

Table 2. Excess molar enthalpy (H%, J mol!) of butyl propionate (1) — propionic acid (2) at 373.15 K and 101,3 kPa

X1 Hfep HE cae
0.09825 1.7 -1.6
0.10191 -2.4 1.1
0.19914 24.3 25.0
0.20142 24.7 25.8
0.29177 60.7 59.0
0.29261 60.9 59.3
0.29798 57.9 61.6
0.30069 61.0 62.4
0.38490 97.0 94.7
0.39845 101.2 99.8
0.39979 100.4 100.2
0.40014 96.3 104.0
0.49734 140.1 135.7
0.50065 139.7 136.9
0.60013 161.3 168.7
0.60165 175.4 169.3
0.69930 190.3 190.8
0.70023 194.2 191.0
0.79964 191.7 190.1
0.80004 189.2 190.1
0.90152 140.0 139.3
0.90247 135.3 138.3

Standard uncertainties of temperature 7" and mole fraction x are as follows: u(7) = 0.05 K, u(x) = 0.0001, and the
relative expanded standard uncertainty Ur for the excess enthalpies is U(H® ) = 0.03 (95% level of confidence)

Table 3. Excess molar enthalpy (H%, J mol™!) of butyl butyrate (1) — butyric acid (2) at 373.12 K and 101,3 kPa

Xi HEoxp HE cac
0.05028 3.0 3.05
0.05036 3.1 3.15
0.10063 16.4 15.1
0.10235 17.3 15.65
0.19645 52.0 52.0
0.19896 52.6 53.0
0.29816 95 96.2

0.2999 95.4 97.0
0.39133 133.8 134.0
0.39529 132.6 135.5
0.49564 174.3 171.2
0.49822 175.8 172.0
0.58994 200.9 199.6
0.59557 202.3 201.0
0.69468 218.8 220.9
0.69637 217.7 221.1
0.79698 217.3 217.3
0.79982 214.3 216.6

0.89626 163.9 162.8



0.90137

161.3

157.8

Standard uncertainties of temperature 7 and mole fraction x are as follows: u(7) = 0.05 K, u(x) = 0.0001, and the
relative expanded standard uncertainty Ur for the excess enthalpies is U{(HE ) = 0.03 (95% level of confidence)

Results and discussion

Experimental data HE(x) is described by polynomial:
HE =ax’ +bx? +exd +ax? +xe+ f

The coefficients of Eq. 5 are listed in Table 4 for each system.

Table 4. Coefficients of Eq. (5)

a b c d e f
Isobutyl acetate — acetic acid 4228.4 -11265 9297.2 -2405.7 148.41  -1.4105
Butyl propionate — propionic acid -3637.7 7701.3 -6789.9 2982.95 -257.01  0.5714
Butyl butyrate — butyric acid -4319.9 9126 -7678.6 2961.9 -88.895  0.9959
Calculated by equation 5 values are presented in Figs. 1-3 and Tables 1-3.
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Fig.1. Excess molar enthalpies of system isobutyl acetate (1) — acetic acid (2) at 373.21 K
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Fig.2. Excess molar enthalpies of butyl propionate (1) — propionic acid (2) at 373.15 K
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Fig.3. Excess molar enthalpies of butyl butyrate (1) — butyric acid (2) at 373.12 K

The quality of the excess molar enthalpies description has been estimated via average relative deviation

(ARD, %) and standard deviation (STD) given as:

100 < He‘ip_Hlec
ARD = 6
T ©)
_ 1 < E £ \?
STD_\/n_N;(HeXp_Hcalc) (7)

and are listed in Table 5. Here # is number of experimental points, N=6 is total number of coefficients Eq. (5).

Table 5. Average relative deviation ARD (%), and standard deviation STD of HZ (J mol™").

System STD ARD
Isobutyl acetate — acetic acid 6.2 21.0
Butyl propionate — propionic acid 35 13.2
Butyl butyrate — butyric acid 0.64 1.9

The accuracy of the description of S-shaped curves HE(x) with small regions of negative values for binary system
is 8.04-22.5% (ARD) [28,32], 7.2 [33], 3.5 [34], 24% [35]. The values STD (HF) for these curves make up the ranges
14.2-16.6 [28,32], 9.9-43.5 [33], 10-15 [34]. The region of negative values H” for system ethyl acetate (1) — acetic acid
(2) is larger, the value H* = 0 is about at x; = 0.51-0.6 mol. fraction, STD (H?) is 3.24 [36]. The curves H%(x) of binary
systems of acetic or propionic acid with ethyl alkanoates (C3-Cio) are almost symmetric, therefore values STD (HF) are
much lower 0.6-2.7 [37].

The S-shape of curves HE(x) takes place in isobutyl acetate (1) — acetic acid (2) (Fig. 1) and butyl propionate (1)
— propionic acid (2) (Fig. 2). Negative values of excess molar enthalpies recorded in the field of acid-rich compositions
in both systems. The biggest region of negative enthalpy is in system isobutyl acetate (1) — acetic acid (2) (Fig. 1). The
maximum HE(x) is about 122 J mol™! at x; = 0.7, the minimum of excess molar enthalpy is not less -10 J mol™! at x; = 0.1
mol. fraction. The calculated value HE = 0 is observed at x; = 0.32 mol. fraction.

In system butyl propionate (1) — propionic acid (2) (Fig. 2) the maximum HE(x) is about 195 J mol™! at x; = 0.7,
the minimum of excess molar enthalpy is not less -5 J mol™! at x; = 0.05, and the calculated value H” = 0 is observed at x;

= 0.1 mol. fraction.



At the same time excess molar enthalpies of butyl butyrate (1) — butyric acid (2) are positive in the whole range
of compositions (Fig. 3), with maximum value about 222 J mol™' at x;= 0.75 mol. fraction. Partial values ( H IE,H ZE )
were calculated using equation of tangent line to the dependencies H(x) (5) at the experimental points:

HY=HF x +HF x, (8)

Calculated values of partial ( H v H v, ) and integral molar enthalpies of vaporization ( /1, ) are represented in Tables 6-
8. Molar vaporization enthalpies for pure components ( H v H v, ) are presented in [38]. In every system it takes place

the ratio ( H, y < H v, ): 36872 < 39050 for isobutyl acetate (1) — acetic acid (2); 38183 < 42998 for butyl propionate (1)
— propionic acid (2); 40102 <46841 for butyl butyrate (1) — butyric acid (2).

Table 6. Calculated values (J mol™") for isobutyl acetate (1) — acetic acid (2) at 373.21 K and 101,3 kPa

M HY H7 Hy, Hy, Hy
0.10004 -89.7 7.3 36928.5 39006.2 38798.4
0.20032 -29.7 -54 36868.5 39018.9 38588.1
0.20051 -29.5 -5.4 36868.3 39018.9 38587.7
0.39987 229.2 -114.5 36609.6 39128.0 38121.0
0.40015 229.4 -114.7 36609.4 39128.2 38120.3
0.50106 263.8 -140.6 36575.0 39154.1 37861.8
0.50371 263.5 -140.3 36575.3 39153.8 37855.0
0.59935 222.9 -87.8 36615.9 39101.3 37611.7
0.59979 222.6 -87.3 36616.2 39100.8 37610.6
0.69899 139.9 68.9 36698.9 38944.6 37374.9
0.79766 58.6 312.0 36780.2 38693.1 37167.3
0.80084 56.5 320.4 36782.3 38693.1 37162.9
0.89949 10.5 576.4 36828.3 38437.2 36990.0
0.89950 10.5 576.4 36828.3 38437.1 36990.0

Table 7. Calculated values (J mol'!) for butyl propionate (1) — propionic acid (2) at 373.15 K and 101,3 kPa

X1 HE HE Hy, Hy, Hy
0.09825 142.6 -17.4 38040.4 43015.4 42526.6
0.10191 151.6 -18.4 38031.4 43016.4 42508.4
0.19914 295.5 422 37887.5 43040.2 42014.1
0.20142 297.2 -42.7 37885.8 43040.7 42002.4
0.29177 330.0 -52.7 37853.0 43050.7 41534.2
0.29261 325.0 -57.7 37858.0 43055.7 41534.8
0.29798 331.5 -52.9 37851.5 43050.9 41501.6
0.30069 330.7 -53.0 37852.3 43051.0 41487.8
0.38490 327.5 511 37855.5 43049.1 41050.1
0.39845 326.0 -50.1 37857.0 43048.1 40979.7
0.39979 325.8 -50.0 37857.2 43048.0 40972.8
0.40014 325.75 -50.0 37857.3 43048.0 40971.0
0.49734 310.6 374 37872.4 43035.4 40467.6
0.50065 310.0 -36.7 37873.0 43034.7 40450.5
0.60013 282.9 -2.6 37900.1 43000.6 39939.6
0.60165 282.7 -2.34 37900.3 43000.3 39937.1
0.69930 282.3 -1.8 37900.7 42999.8 39931.9
0.70023 232.3 94.2 37950.7 42903.8 39440.1
0.79964 231.6 95.7 37951.4 42902.3 39435.5
0.80004 150.3 347.9 38032.7 42650.1 38957.8
0.90152 149.9 349.4 38033.1 42648.6 38956.0

0.90247 523 930.3 38130.7 42067.7 38518.4




Table 8. Calculated values (J mol™") for butyl butyrate (1) — butyric acid (2) at 373.12 K and 101,3 kPa

N HY H Hy, Hy, Hy
0.05028 150.55 -4.71 39951.5 46845.7 46499.1
0.05036 150.8 -4.73 39951.2 46845.7 46498.5
0.10063 293 -15.98 39809.0 46857.0 46147.7
0.10235 296.5 -16.38 39805.5 46857.4 46135.6
0.19645 397.8 -32.6 39704.2 46873.6 45465.2
0.19896 398.7 -32.81 39703.3 46873.8 45447.2
0.29816 395.5 -30.91 39706.5 46871.9 44735.5
0.2999 395 -30.71 39707.0 46871.7 44723.0
0.39133 366.95 -15.74 39735.1 46856.7 44069.8
0.39529 365.7 -14.94 39736.3 46855.9 44041.6
0.49564 3373 7.88 39764.7 46833.1 43329.7
0.49822 336.6 8.56 39765.4 46832.4 43311.5
0.58994 309.2 41.84 39792.8 46799.2 42665.8
0.59557 307.1 44.85 39794.9 46796.2 42626.4
0.69468 256.6 139.6 39845.4 46701.4 41938.7
0.69637 2555 142.2 39846.5 46698.8 41927.1
0.79698 169.6 404.3 39932.4 46436.7 41252.9
0.79982 166.8 415.7 39935.2 46425.3 41234.4
0.89626 65.23 1005.4 40036.8 45835.6 40638.3
0.90137 60.19 1050.15 40041.8 45790.9 40608.8

The differences ( H y H v, ) are -2174,-4815 and -6709 J mol™! for isobutyl acetate (1) — acetic acid (2), butyl propionate
(1) — propionic acid (2); and butyl butyrate (1) — butyric acid (2), respectively. These differences significantly exceed (

H IE -H 2E ) in these biazeotropic systems (Tables 6-8). Thus, value of vaporization enthalpies (3) are close to additive

values (4) (Fig. 4-6).
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Fig.4. Vaporization enthalpies for isobutyl acetate (1) — acetic acid (2) at 373.21 K (Table. 6): (solid line - calculated by
equation 3; dotted line - calculated by equation 4 (additivity)).
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Fig.5. Vaporization enthalpies for butyl propionate (1) — propionic acid (2) at 373.15 K (Table. 7): (solid line -
calculated by equation 3; dotted line - calculated by equation 4 (additivity)).
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Fig.6. Vaporization enthalpies for butyl butyrate (1) — butyric acid (2) at 373.12 K (Table. 6): (solid line - calculated by
equation 3; dotted line - calculated by equation 4 (additivity)).

Conclusion

Experimental data of excess molar enthalpies for whole concentration range were obtained for three systems
(isobutyl acetate — acetic acid; butyl propionate — propionic acid; butyl butyrate — butyric acid) about 373 K. This data

array is important for study evolution of biazeotropic systems.
The ratio of partial vaporization enthalpies ( H y, < H v, ) is preserved over whole composition range in every

system. According to Vrevsky’s law, at temperature rise in every system azeotrope (min T) is enriched with acid, while

azeotrope (max T) — with ether.
Thus, dependences H y (x) have no extremum. Consequently, in the considered biazeotropic systems, the

replacement of partial molar vaporization enthalpies by vaporization enthalpies of pure substances is acceptable. Thus,

while choosing conditions for PSD, its acceptable to take molar vaporization enthalpies of pure substances.
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