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Abstract. The saturated vapor pressure of the acrylic acid 
solutions in 1,2-dichloroethane and acetic acid was 
measured by static tensimetric method in the temperature 
range of 295 to 355 K. The composition of the equilibrium 
phases as well as the activity coefficients (γ1 and γ2) were 
received from the experimental measurements of the 
temperature-dependent saturated vapor pressure. Then we 
used the temperature and concentration dependent activity 
coefficients to calculate the excess thermodynamic 
functions of the solutions mixing (HE, GE, SE). 
 
Keywords: acrylic acid, saturated vapor pressure, activity 
coefficients, vapor-liquid equilibrium, excess thermodyna-
mic functions of mixing. 

1. Introduction 

Acrylic-based acids and esters are attractive classes 
of raw materials because of the wide range of polymers 
properties synthesized on their basis. The thermodynamic 
properties of the individual neat components have been 
extensively studied [1-3]. 

There have also been a number of studies of the 
liquid-vapor equilibrium of acrylic acid and their ethers 
solutions. Most works [4-12] focused on the liquid-vapor 
equilibrium for solutions of acrylic, methacrylic and 
ethacrylic acids and their ethers under isobaric conditions 
and an ambient pressure. Based on the experimental values, 
parameters of the Local Composition Models (Wilson 
equation [13], NRTL equation [14], UNIQUAC equation 
[15]) were evaluated. These equations may be used to 
calculate the liquid-vapor equilibrium at different pressures. 
In this work the excess thermodynamic functions of 
solutions mixing based on the experimental data of the 
temperature dependent vapor pressure upon solutions of 
acrylic acid in 1,2-dichloroethane and acetic acid have been 
calculated. A particular utility of our data is that they can be 
used to directly calculate the composition of the equilibrium 

phases for investigational systems within the temperature 
and pressure ranges studies. 

Such studies of liquid-vapor equilibrium are useful, 
as they should provide the necessary information on the 
behavior of the individual components in these complex 
systems. In this work, to estimate the thermodynamic 
functions of mixing based on the vapor-liquid equilibrium, 
we adopted the commonly used methodology developed by 
Belousov and Morachevsky [16, 17]. 

2. Experimental 

The raw materials were of the commercial grade and 
were supplied by MERCK (Germany). The chemicals 
received were further purified by means of multiple 
distillation and acrylic and acetic acids additionally by 
recrystallization. The chemicals were then selected based 
on their unique boiling temperature as well as the refractive 
index. The contamination was kept below 0.2 wt %, as 
verified through chromatography.  

Experimental measurements of the vapor pressure 
over solutions at various temperatures were at the basis of 
our static methodology approach. 

The experimental setup shown in Fig. 1 comprised: 
20 ml glass flask (1) connected to the pressure sensor (4) 
via the connector (2) with the Teflon gasket (3). Valve (5) 
was used to adjust the vacuum level in the flask. All of the 
metallic parts in contact with solutions were gold-plated, to 
prevent the undesired chemical interactions. The pressure 
sensor (Sensor Technics СТЕ8N01) contained a Silicon 
membrane (7) with the data acquisition accuracy of 0.3 Pa. 
Voltmeter (6) was used to collect the pressure readings 
(with the data acquisition accuracy of 0.0005 V, which is 
equivalent to 15 Pa). The sensor was calibrated using a U-
shaped mercury manometer (with the standard 
measurement error of ± 32 Pa). The correlation between the 
manometer and voltmeter readings was linear, with the 
correlation coefficient of 0.9999. 
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Fig. 1. Experimental setup for vapor pressure measurements 

 
Experiments were conducted using approximately  

10 ml of solution. We cooled the system to 250 K and kept 
it under vacuum, to minimize evaporation. Then, after 
releasing the vacuum, we should again heat up the system 
to 360 K, to decrease the amount of dissolved gas. Next, we 
should again cool the system, to remove the residual vapor. 
This protocol was repeated several times (typically, about 
five times), to ensure the residual pressure in the system 
would be no greater than 10 Pa. 

The test setup was placed in the thermostat, as shown 
in  Fig. 1.  Having varied  the  temperature  in a  controlled 

 fashion (with the resolution accuracy of 0.1 K), from 295 
to 355 K, we collected the saturated vapor pressure data. It 
was considered that the equilibrium was reached when the 
vapor pressure would not change for a period of time at 
least 15 min. Since the liquid-to-gas volume ratio in our 
experiment was kept at 1:1, the compositional change in the 
liquid phase due to the evaporation of the most volatile 
component would always be less than 0.2 mol % [23].   

First, we verified our measurement methodology, as 
well as the correctness of our approach, by conducting 
series of experiments with well-known substances such as 
heptane and hexane. The results obtained using these 
chemicals matched closely the reported literature data [18]. 

3. Results and Discussion 

Next, to test our experimental systems we prepared 
several solutions with the concentration ranging from 20 to 
80 %. Notably, to prevent the undesired polymerization of 
the acrylic acid we inhibited the systems by adding about 
0.2 mol % of ionol. We further verified that when added in 
this minuscule amount, ionol did not influence the 
measurements. The concentration of the solutions was 
measured using chromatography in the end of an 
experiment, after the system reached the room temperature. 
These data, as well as the temperature dependent saturated 
vapor pressure, are reported in Table 1. The concentration 
data show the most volatile component of the solution (1,2-
dichloroethane or acetic acid).  

 

Table 1 
Dependence of the vapor pressure upon temperature 

Т, K P, kРа Т, K P, kРа Т, K P, kРа Т, K P, kРа 
1,2-dichloroethane – acrylic acid 

17.72±0.77 34.50±0.54 53.41±0.70 77.85±0.62 
297.2 3.94 298.1 6.12 294.8 7.04 292.6 7.83 
297.6 4.28 306.2 9.10 305.4 11.55 303.7 12.88 
304.1 5.76 315.3 13.42 314.9 17.28 303.9 13.14 
315.3 9.27 323.3 18.24 325.4 26.05 314.3 20.31 
324.3 13.12 334.5 27.75 333.5 35.28 323.9 29.56 
333.8 19.04 341.3 35.32 342.9 49.7 334.8 44.26 
341.5 25.28 348.3 45.29 353.2 70.31 342.4 58.08 
353.6 38.37 355.9 58.29   354.1 85.17 

Acetic acid – acrylic acid 
21.63±0.35 40.11±0.59 60.28±0.78 79.42±0.73 

299.8 1.75 293.0 1.66 294.9 2.04 294.6 2.13 
304.1 2.04 303.6 2.82 304.2 3.22 304.2 3.31 
313.5 3.05 314.4 4.45 304.3 3.31 314.6 5.04 
324.2 4.83 323.3 6.39 314.2 4.83 323.7 7.65 
324.3 4.87 333.8 9.43 323.5 7.27 333.5 11.49 
333.7 7.06 343.2 13.35 333.2 10.65 341.4 15.08 
344.2 10.19 343.3 13.52 343.8 15.88 344.8 17.04 
354.6 14.53 352.8 18.66 354.1 22.42 355.3 24.52 
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Table 2 
Fitting coefficients of Eq. (1) 

x, mol % А В·10-2 T, K ρ 
1,2-dichloroethane – acrylic acid 

100 23.01±0.09 40.09±0.29 297.9–359.4 0.9998 
77.85±0.62 22.73±0.07 40.26±0.23 292.6–354.0 0.9999 
53.41±0.70 22.69±0.29 40.73±0.93 294.8–353.2 0.9997 
34.50±0.54 22.50±0.33 41.0±1.1 298.1–355.9 0.9999 
17.72±0.77 22.33±0.61 41.6±1.9 297.2–353.6 0.9999 

0 24.26±0.28 52.75±0.81 294.5–352.5 0.9998 
Acetic acid – acrylic acid 

100 24.08±0.11 49.09±0.34 295.0–356.7 0.9999 
79.42±0.73 22.07±0.71 42.49±0.89 294.6–355.3 0.9999 
60.28±0.78 21.93±0.29 42.17±0.93 294.5–354.1 0.9999 
40.11±0.59 21.63±0.16 41.62±0.52 293.0–352.8 0.9999 
21.63±0.35 21.33±0.49 41.03±0.96 299.8–354.6 0.9999 

0 24.26±0.28 52.75±0.81 294.5–352.5 0.9998 
 

We used Eq. (1) to fit the experimental data of 
the temperature dependent saturated vapor pressure, as 
well as the literature data of the individual components 
[1, 18]: 

ln P = A – B/T   (1) 
The fitting coefficients, along with the correlation 

coefficients ρ, evaluated in a given temperature range 
are listed in Table 2.Having received the functional 
dependences of the saturated vapor pressure on the 
temperature for several concentrations of the acrylic acid in 
each solvent, enabled us to create the isothermal sections of 
the saturated vapor pressure as a function of the 
concentration. The system the acetic acid – the acrylic acid 
contains the azeotrope with a minimum boiling 
temperature. The properties of this azeotrope were 
investigated in [24]. The dependence of the saturated vapor 
pressure on the acrylic acid concentration was fit using 
polynomial, whereby the polynomial order was chosen 
based on the magnitude of standard deviation between the 
experimental and the fitted values. The polynomial order 
was considered acceptable when the standard deviation was 
comparable to the experimental error. 

Further, we calculated the partial vapor pressure of 
the components (p1 and p2) using the Duhem-Margules 
equation (Eq. (2)), assuming the gas phase was close to an 
ideal gas phase: 

xdlnp1 + (1-x)dlnp2 = 0          (2) 

Eq. (2) may be rewritten as follows:  

0)1(
1

1
1 =⋅−⋅−⋅⋅− dxx

dx
dp

p
dpxpdp          (3) 

To solve Eq. (3), we substituted dx and dp1 with ∆x 
and ∆p1: 

011
1

1 =⋅−⋅−⋅− x)x(
dx
dp)x

p
p(p ∆∆        (4) 

Eq. (4) was solved by the Runge method, integrating 
in the direction of the increased pressure.  

Table 3 
Equilibrium composition, partial vapor pressure  

and activity coefficients of 1,2-dichloroethane  
in the acrylic acid 

х у р1 р2 
mol % kPa γ1 γ2 

300 K 
0 0 0.63 0.63 – 1.000 

10.0 73.6 0.79 2.99 1.855 1.001 
20.0 85.2 0.71 4.81 1.725 1.014 
30.0 90.0 0.64 6.37 1.604 1.039 
40.0 92.6 0.57 7.67 1.491 1.081 
50.0 94.2 0.50 8.75 1.386 1.148 
60.0 95.4 0.44 9.65 1.290 1.255 
70.0 96.4 0.38 10.38 1.201 1.434 
80.0 97.2 0.31 10.98 1.121 1.768 
90.0 98.0 0.23 11.48 1.051 2.593 
100 100 0 11.85 1.000 – 

350 K 
0 0 2.14 2.14 – 1.000 

10.0 62.0 9.05 23.82 1.756 1.003 
20.0 77.0 8.16 35.51 1.625 1.017 
30.0 83.9 7.32 45.35 1.505 1.043 
40.0 87.8 6.54 53.59 1.397 1.086 
50.0 90.4 5.78 60.48 1.299 1.153 
60.0 92.4 5.03 66.31 1.213 1.254 
70.0 94.0 4.25 71.33 1.138 1.413 
80.0 95.6 3.36 75.81 1.076 1.677 
90.0 97.3 2.20 80.02 1.027 2.196 
100 100 0 84.20 1.000 – 
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Table4 
Equilibrium composition, partial vapor pressure  

and the activity coefficients of the acetic acid in the 
acrylic acid 

х у Р1 Р2 
mol % kPa γ1 γ2 

300 K 
0 0 0.63 0.63 - 1.000 

10.0 43.5 0.71 1.26 2.275 1.002 
20.0 61.8 0.64 1.68 2.140 1.013 
30.0 71.7 0.57 2.02 1.999 1.037 
40.0 77.8 0.51 2.30 1.853 1.081 
50.0 81.8 0.46 2.52 1.700 1.160 
60.0 83.4 0.41 2.65 1.541 1.311 
70.0 83.7 0.39 2.71 1.372 1.631 
80.0 84.5 0.07 2.70 1.175 2.646 
90.0 97.4 0.09 2.62 1.164 7.643 
100 100 0 2.42 1.000 - 

350 K 
0 0 2.14 2.14 - 1.000 

10.0 21.4 8.06 10.25 0.938 0.976 
20.0 43.7 6.92 12.30 1.151 0.943 
30.0 59.7 5.90 14.63 1.246 0.919 
40.0 69.9 5.04 16.77 1.255 0.917 
50.0 76.4 4.35 18.41 1.204 0.949 
60.0 80.4 3.82 19.49 1.118 1.041 
70.0 83.1 3.39 20.10 1.022 1.233 
80.0 86.4 2.80 20.58 0.951 1.524 
90.0 93.9 1.31 21.42 0.957 1.425 
100 100 0 23.32 1.000 - 

The calculation of the partial vapor pressure of each 
component, p1 and p2, allowed us to arrive to the 
composition of the gas phase as well as the activity 
coefficients of the components (γ1 and γ2), in the 
temperature range from 300 to 350 K. Tables 3 and 4 list 
the composition of the liquid phase (x), gas phase (y), vapor 
pressure of components p1 and p2, as well as the activity 
coefficients γ1 and γ2 at the minimum and maximum 
temperature of the experiment.  

To describe the properties of the non-ideal solutions 
we used the excess thermodynamic functions of mixing and 
calculated the differential between the functions of mixing 
of the experimental and the ideal solutions. For instance, 
the Gibbs energy of mixing is calculated based on γ1 and γ2: 

)lnln( 2211 γγ xxRTGE +=                (5) 
The enthalpy of our systems mixing is then 

calculated based on γ1 and γ2 at different temperatures:  

]lnln[ 2
2

1
1

2

хх

E

дT
дх

дT
дxRTH 






⋅+






⋅⋅−=∆

γγ
 (6) 

Finally, one may evaluate the entropy of mixing: 
EEE GHST ∆−∆=∆        (7) 

The results of these calculations are shown in Fig. 2. 
The role of the solvent has been studied in detail 

elsewhere [19, 20]. We aimed to investigate how the 
Dimroth-Reichardt [21] parameter N

ТЕ , the acceptor 
number АN [22], and the molecular refraction RM depend 
on the thermodynamic functions of equimolecular solutions 
formation of the acrylic acid at 350 K. 

 

Table 5  
Properties of solvents and solutions 

Solvent N
ТЕ  АN RM НЕ

350, kJ/mol GЕ
350, kJ/mol  

1,2-dichloroethane 0.327 16.7 -19.33 1.07 0.59 
Acetic acid 0.648 52.9 -10.90 1.57 0.98 
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Fig. 2a. The thermodynamic functions of mixing of the 1,2-dichloroethane in the acrylic acid 
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Fig. 2b. The thermodynamic functions of mixing of the acetic acid in the acrylic acid 
 

As follows from the data in Table 5, the magnitudes 
of all these three parameters grow from 1,2-dichloroethane 
to the acetic acid. Notably, the magnitude of the enthalpy of 
mixing, the excess Gibb’s energy, as well as the magnitude 
of the deviation of the solutions from the ideal solutions 
grow in the same order. Then it may be concluded that the 
increase of the solvent molecular refraction, Dimroth-
Reichardt parameter, as well as the AN, increases the 
deviation from the behavior of the ideal solution and the 
enthalpy of mixing. 

4. Conclusions 

Noteworthy, all systems (and within the whole range 
of the acrylic acid concentrations and temperatures) exhibited 
positive magnitudes of their excess Gibbs energy of mixing, 
suggesting the like deviation from the Raoult’s law. The 
same positive change was observed in the enthalpy of mi-
xing, indicating the acrylic acid dissolution was endothermic. 
Additionally, since the magnitude of that change enthalpy of 
mixing was also seen to increase with T, the change heat 
capacity as the result of the solution was also positive. 
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ТЕРМОДИНАМІЧНІ ВЛАСТИВОСТІ РОЗЧИНІВ 
АКРИЛОВОЇ КИСЛОТИ В 1,2-ДИХЛОРЕТАНІ  

ТА ОЦТОВІЙ КИСЛОТІ  
Анотація. Статичним тензиметричним методом 

виміряний тиск насиченої пари над розчинами акрилової кислоти 
в 1,2-дихлоретані та оцтовій кислоті в температурному 
інтервалі 295–355 К. За даними температурної залежності 
тиску насиченої пари розраховано склад рівноважних фаз та 
коефіцієнти активності компонентів. За температурною та 
концентраційною залежністю коефіцієнтів активності 
розраховані надлишкові термодинамічні функції змішування 
досліджених розчинів (HE, GE, SE). 

 
Ключові слова: акрилова кислота, тиск насиченої пари, 

коефіцієнти активності, рівновага рідина-пара, надлишкові 
термодинамічні функції змішування. 
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