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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 (y; and y,) 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 (HF, G*, SH).

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
extensvely 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 val ues,
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 datais 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 methodol ogy devel oped by
Bdousov and Morachevsky [16, 17].

2. Experimental

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

Experimental measurements of the vapor pressure
over solutions at various temperatures were at the basis of
our static methodol ogy 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). Vave (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 CTE8NOL) 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
equivaent 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.

Thetest setup was placed in the thermodtat, as shown
in Fig. 1. Having varied the temperature ina controlled
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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 changeinthe
liquid phase due to the evaporation of the most volatile
component would always be lessthan 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
severa 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 wdl 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).

Table1
Dependence of the vapor pressure upon temper ature
T,K | P, kPa | T,K | P, kPa | T,K | P, kPa | T,K | P, kPa
1,2-dichloroethane — acrylic acid
17.72+0.77 34.50+0.54 53.41+0.70 77.85+0.62
297.2 394 298.1 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 3153 13.42 314.9 17.28 303.9 13.14
315.3 9.27 3233 18.24 3254 26.05 314.3 20.31
324.3 13.12 334.5 271.75 3335 35.28 3239 29.56
333.8 19.04 341.3 35.32 342.9 49.7 334.8 44.26
3415 25.28 348.3 45.29 353.2 70.31 3424 58.08
353.6 38.37 355.9 58.29 354.1 85.17
Acetic acid —acrylicadid
21.63+0.35 40.11+0.59 60.28+0.78 79.42+0.73
299.8 175 293.0 1.66 294.9 2.04 294.6 213
304.1 2.04 303.6 2.82 304.2 3.22 304.2 331
3135 3.05 3144 4.45 304.3 331 314.6 504
324.2 4.83 3233 6.39 314.2 4.83 323.7 7.65
324.3 4.87 333.8 9.43 3235 71.27 3335 11.49
333.7 7.06 3432 13.35 333.2 10.65 3414 15.08
344.2 10.19 343.3 13.52 343.8 15.88 344.8 17.04
354.6 1453 352.8 18.66 354.1 2242 355.3 24.52




Fitting coefficients of Eq. (1)

x,mol % | 4 [ B107 ] T.K |
1,2-dichloroethane — acrylic acid
100 23.01+0.09 40.09+0.29 297.9-359.4 | 0.9998
77.85£t0.62 | 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£t0.35 | 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
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Table2

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):

InP=A-BIT (@)

The fitting coefficients, along with the correlation
coefficients r, evaluated in a given temperature range
are listed in Table 2.Having received the functiona
dependences of the saturated vapor pressure on the
temperature for several concentrations of the acrylic acid in
each solvent, enabled us to create theisothermal 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 polynomia order
was considered acceptabl e when the standard deviation was
comparable to the experimental error.

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

xdinp; + (1-x)dinp,= 0 2
Eq. (2) may berewritten asfollows:.
dp_dp _
dp- pxxx—- —=x1- X)>dx=0 ©)
p, dx

To solve Eq. (3), we substituted dx and dp, with Dx
and Dpq:

Dpy(1- Pxy- Poi xpox=0 @
P1 dx
Eq. (4) was solved by the Runge method, integrating

in the direction of the increased pressure.
Table3

Equilibrium composition, partial vapor pressure
and activity coefficients of 1,2-dichlor oethane
intheacrylic acid

x | n | p
mol % kPa n r2
300K
0 0 |063] 063 | - 1,000
100 | 736 | 079 | 299 | 185 | 1001
200 | 852 | 071 | 481 | 1725 | 1014
300 | 900 | 064 | 637 | 1604 | 1039
400 | 926 | 057 | 767 | 1491 | 108l
500 | 942 | 050 | 875 | 138 | 1148
600 | 954 | 044 | 965 | 1290 | 1255
700 | 94 | 033 | 1038 | 1201 | 1434
800 | 972 | 03l | 1098 | 1121 | 1.768
9.0 | 980 | 023 | 1148 | 1051 | 2.593
100 | 100 | 0 | 1185 | 1000 -
350K
0 0 | 214 214 | - 1,000
100 | 620 | 905 | 2382 | 1.75%6 | 1003
200 | 770 | 816 | 3551 | 1625 | 1017
300 | 839 | 7.32 | 4535 | 1505 | 1043
400 | 878 | 654 | 5350 | 1.397 | 1086
500 | 904 | 578 | 6048 | 1299 | 1153
600 | 924 | 503 | 6631 | 1213 | 1254
700 | 940 | 425 | 71.33 | 1138 | 1413
800 | 956 | 3.36 | 758l | 1076 | 1677
900 | 973 | 220 | 80.02 | 1027 | 2.19%
100 | 100 | 0 | 8420 | 1000 -




126

Valentyn Serheyev et al.

Tabled

Equilibrium composition, partial vapor pressure
and the activity coefficients of the acetic acid in the

The calculation of the partial vapor pressure of each
component, p; and p; alowed us to arive to the
compogition of the gas phase as wdl as the activity
coefficients of the components (y1 and y,), in the

acrylic acid
y temperature range from 300 to 350 K. Tables 3 and 4 list
x| _V P | P " ” the composition of the liquid phase (X), gas phase (y), vapor
mol % kPa pressure of components p; and p,, as wdl as the activity
300K coefficients y; and y, a the minimum and maximum
0 0 063 | 063 - 1.000 temperature of the experiment.
10.0 435 071 | 126 | 2275 | 1002 To describe the properties of the non-ideal solutions
200 618 064 | 168 | 2140 | 1013 we used the excess thermodynamic functions of mixing and
300 | A7 | 057 ] 202 | 1999 | 1057 calculated the differential between the functions of mixing
400 | 778 | 051 | 230 | 1853 | 1081 of the experimental and the ideal solutions. For instance,
0.0 818 046 | 2.52 1700 | 1160 the Gibbs energy of mixing is calculated based ony; and y,:
60.0 834 041 2.65 1541 | 1311 GE = RT( Ina. +x In ) 5
700 | 837 | 039 | 271 | 1372 | 1631 =RI(XIng, +X,Ing, ©)
800 | 845 | 007 | 270 | 1175 | 2646 The enthalpy of our systems mixing is then
90.0 97.4 009 | 262 1164 | 7.643 calculated based ony; and vy, at different temperatures:
100 100 0 242 1.000 - Ing, 6 Ing, 6
BOK DHE:-RT2>{><1>€@()T1++x2>€@()T2+](6)
0 0 [ 214 214 - 1.000 , e 2 e Jdl a4
100 | 214 | 806 | 1025 | 0938 | 0976 Finally, one may eval uate the entropy of mixing:
20.0 437 692 | 1230 | 1151 | 0.943 TDS® =DHF - DGF (7
30.0 59.7 590 | 1463 | 1.246 | 0919 Theresults of these calculations are shown in Fig. 2.
40.0 69.9 504 | 16.77 | 1255 | 0917 The role of the solvent has been studied in detall
50.0 764 | 435 | 1841 | 1.204 | 0.949 esawhere [19, 20]. We aimed to investigate how the
67588 gi ggg ;gig i(l);g 1(2);% Dinroth-Reichardt [21] parameter E N the acceptor
80.0 86. 2 2.80 20.58 0'951 1'524 number AN [22], and the molecular refraction Ry depend
900 | 939 | 131 | 2142 | 0957 | 1425 on the thermodynamic functions of equimolecular solutions
100 100 0 >332 | 1.000 - formation of the acrylic acid at 350 K.
Table5
Properties of solventsand solutions
Solvent EN AN Ru Hixo,kdmol | GPago, kdimol
1,2-dichloroethane 0.327 16.7 -19.33 1.07 0.59
Acdlicacid 0.648 52.9 -10.90 157 0.98
1.50 — 300 K —_ 350 K —
kd/mol | 1 H
1.00 -T— TSE —
GE | GE

0.50 —

E
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Fig. 2a. The thermodynamic functions of mixing of the 1,2-dichloroethanein the acrylic acid
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Fig. 2b. Thethermodynamic functions of mixing of the acetic acid in the acrylic acid

As follows from the data in Table 5, the magnitudes
of al these three parameters grow from 1,2-dichloroethane
to the acetic acid. Natably, the magnitude of the enthal py of
mixing, the excess Gibb's energy, as wdl as the magnitude
of the deviation of the solutions from the ideal solutions
grow in the same order. Then it may be concluded thet 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
enthal py of mixing.

4. Conclusions

Noteworthy, al 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 hest
capacity asthe result of the solution was aso positive.
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TEPMOJANHAMIYHI BJJACTUBOCTI PO3YMNHIB
AKPUJIOBOI KHUCJOTHU B 1,2-INXJIOPETAHI
TA OLTOBIM KHUCJIOTI

Anomauin. Cmamuunum — MEH3UMEMPUYHUM — MEMOOOM
BUMIPSIHULL MUCK HACUYEHOT Napu HAO PO3YUHAMU AKPULOBOL KUCILOMU
6 1,2-Ouxnopemani ma oymogili KUCIOMI 8 MemMnepanmypHoMy
inmepeani 295-355 K. 3a oanumu memnepamyproi sanesxcrocmi
MUCKY HACUYEHOT Napu po3paxoBano CKAA0 PIGHOBAXCHUX ¢as ma
KoeqhiyieHmu aKmugHOCHI KOMNOHEHmI8. 3a memnepamypHolo ma
KOHYEHMPAyitiHolo  3QIedCHICnI0  Koeiyienmie — akmugHoCmi
PO3PAxX06aHI  HAONUULKOGI mgawodunmwitmi QyHKyii 3miuyeanns
docaioocenux pozuunis (HE, GE, ).

Knwuogi cnosa. axpunosa xucioma, muck HAcuyeHoi napu,
Koeghiyienmu akmueHocmi, pieHO6aca PIOUHA-NApPA, HAONUULKOGI
MepMOOUHAMIYHI QYHKYIT 3MIULYBAHHSL.



