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Abstract—The phase diagram of the supercritical CO,—diethylene glycol monoethyl ether (ethylcarbitol) sys-
tem is studied on isotherms at 308, 318, and 323 K. The available published data are supplemented by the
results of this study. The obtained data are described using the Peng—Robinson equation of state and the
Mukhopadhyaya and Rao mixing law. A range of thermodynamic parameters is proposed to effectively
remove ethylcarbitol from polymers during their plasticization and to preserve the components of the finished

product soluble in supercritical CO,.
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INTRODUCTION

One of the promising plasticizers that is replacing
the alcohol-ether mixture during plasticization of
polymers, including filled masses, is ethylcarbitol
(diethylene glycol monoethyl ether) [1]. Since it has a
sufficiently high boiling point (475 K [2]) and, as a
result, low vapor pressure, it takes a rather long time to
remove it from the product by convective drying (dry-
ing in air). However, ethylcarbitol is easily soluble in
water in any ratio, so it is removed by extraction with
water. At the same time, the previously obtained
results on the extraction of alcohol [3] from gunpow-
der for hunting make it possible to assume that a sim-
ilar process can be implemented for filled masses
based on ethylcarbitol. In this case, in addition to the
previously solved problem of preserving the chemical
stability stabilizer, diphenylamine [3], it is necessary to
study the phase diagram of ethylcarbitol—supercritical
SC-CO,, based on which it is possible to select the
optimal parameters of the extraction process with the
preservation of the key components.

The solubility of CO, in ethylcarbitol at 308 and
318 K isotherms and pressures of up to 5 MPa was
studied in [4]; however, these data are insufficient to
determine the optimal parameters of the extraction
process, and the aim of this work is to study and then
describe the phase diagram of the SC-CO,—ethylcar-
bitol system.

EXPERIMENTAL

The following reagents were used in the work: car-
bon dioxide of the first or highest grade with the CO,
content of at least 99.5%, and also ethylcarbitol
C¢H 4O of the highest CAS 111-90-0 grade with the
fraction of the main product of at least 99%.

The phase diagram was studied using the setup
shown in Fig. 1 and described in detail in [3, 5—9] in
accordance with the procedure described in these
works.

The setup is based on the R-401 supercritical fluid
(SCF) extraction system (Reaction Engineering Inc.,
South Korea) and allows the solubility studies at tem-
peratures of up to 100°C and pressures of up to
40.0 MPa. To obtain a saturated solution correspond-
ing to the maximum possible equilibrium concentra-
tion of the solute in the solvent, the setup was addi-
tionally equipped with a mixing device (not shown in
the diagram). It was stirred for 60 min, after which the
system was settled for 60 min. During the experiments,
the samples were taken from the gas phase to deter-
mine the solubility of ethylcarbitol in SC-CO, and
from the liquid phase to determine the solubility of
SC-CO, in ethylcarbitol.

RESULTS AND DISCUSSION

The data on the solubility of carbon dioxide in eth-
ylcarbitol on isotherms at 308 K and 318 K presented
in [4] were supplemented by the data on the solubility
of ethylcarbitol in carbon dioxide on the same iso-
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Fig. 1. Diagram of the setup: (/) fridge; (2) pneumatic pump; (3) receiver with heating and thermostating system; (4) impregnation
chamber with electric heater and heat insulation; (5) separator; (6) flow meter; (7) back pressure control; (§) standard pressure gauge.
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Fig. 2. Phase diagram of ethylcarbitol-CO, on different isotherms: (1, 2) taken from [3]; (2, 3) this work; (1, 3) at 308 K; (2, 4) at
318 K; (5) this work, 323 K; (6—&) description of phase equilibrium.

therms. In addition, the mutual solubility of ethylcar-
bitol and CO, on the isotherm at 323 K (Fig. 2) was
additionally studied. This isotherm was chosen
because at higher temperatures the removal of ethyl-
carbitol from the filled masses is accompanied by the
thermal degradation of the individual components, as
a result of which the obtained product does not corre-
spond to the necessary requirements. The maximum
error of the solubility measurement (state standard
(GOST) 34100-2017) was 5.3%.
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The results of the research were processed in accor-
dance with the model widely tested in [10]. According
to this model, the solubility of low-volatile and incom-
pressible substances in the SCF media is described as
follows:

=L - I
= 1 ) v

or
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where y is the solubility of the substance in the SCF
solvent (molar fractions); P, is the vapor pressure of
the solute at temperature 7; P is the pressure in the
system; @ is the volatility coefficient of the solute in
the fluid; v; is the molar volume of the pure solute; and
R is the universal gas constant.

_ 0.45724R’T50,(T)
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The volatility coefficient of the solute in the fluid
phase can be calculated using one of the cubic multi-
parameter equations of state. In this study, we used the
two-parameter Peng—Robinson equation of state,
which is widely used to calculate phase equilibria in
the substance— SCF systems:

RT a;

! P

cr

P = - , 3)
V—b V+2V -5
where
5 — 0-0778RT,
o P, 4)

a,(T) = [1+(0.37464 +1.5422w, - 0.26992w7) (1 — JT/T,,) ] ,

where w; is the accentricity factor of molecules of the
ith component.

The same equation in the cubic form can be pre-
sented in the form of a polynomial:

Z—(-B)7 +(A-2B-3B°)z

5
—(AB-B*-B)=0, ©)

where

A =aP/(RT)’, B=bP/RT.

In accordance with the adopted law of mixing and
the combination rule of Mukhopadhyaya and Rao
[10], quantities a and b are determined for the mixture:

=SS )
Loy
b = zy,b,, aij = aiaj; blj — \/?bj’

where y; and y; are the mole fractions of the i- and jth
components of the mixture in any of the equilibrium
phases, and m; is the empirical binary interaction
coefficient taking into account the features of the pair-
wise interaction of dissimilar molecules, which is
determined within the combination rule of Mukho-
padhyaya and Rao [10].

Then we determine the volatility coefficient of the
studied substance in the fluid:
In(®,) =(z-DB, —In(z - B)

6
___a (BI+BZ_Bl)ln(z+2.4lB), (6)
2\2RTh z+0.414B

where B, = b,/b; A, =

iziy’a’é (b/biz)mlz; A, =

The fitting empirical binary interaction parameter
m,; is determined at a fixed temperature by minimizing
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the standard deviation of the calculated data from the
experimental points:

n calc _ P 2
F = \/lz[y, eXpy, j 7

nis Vi

where # is the number of experimental points on the
isotherm.

When describing the data on the solubility of car-
bon dioxide in ethylcarbitol, the vapor pressure was
taken equal to the pressure of carbon dioxide. Thus,
the first term in Eq. (2) became zero. When describing
the solubility of ethylcarbitol in carbon dioxide, the
saturated vapor pressure values from [11] were initially
used. However, these data did not make it possible to
obtain a correct description, and the standard devia-
tion of the calculated values from the experimental
ones exceeded 50% (the calculation results are not
presented in this work). This is due to the fact that
some of the experimental solubility values are at pres-
sures less than 7 MPa, which correspond to the con-
cept of a subcritical fluid. The model we have chosen
does not always work correctly in this case.

In order to increase the accuracy of the description,
it was proposed to use the saturated vapor pressure as
afitting parameter in addition to the binary interaction
coefficient. This made it possible to significantly
increase the accuracy of the solubility’s description;
however, the saturated vapor pressure obtained in this
case differed significantly from the experimental ones.
This difference is due both to the fact that the model
does not work well in the field of subcritical fluids and
to the fact that the proposed technique described in
[12] is aimed primarily at describing the solubility and
not at determining the saturated vapor pressure of a
substance. The critical parameters of carbon dioxide
were taken from [13] and those of ethylcarbitol were
taken from [14]. The obtained values are presented in
Table 1 and the results of the description are given in
Fig. 2. The binary interaction coefficients obtained in
the description are given in Table 2.
Vol. 14
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Table 1. Critical parameters of the studied compounds
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Parameters Ethylcarbitol Carbon dioxide
Critical temperature 7., K 670.0 304.2
Critical pressure P, MPa 3.167 7.387
Accentricity factor w 0.510 0.225

Table 2. Model parameters for the studied isotherms

Solubility of ethylcarbitol in SC-CO,
Temperature, K . . .
binary interaction saturated vapor pressure, Pa description accuracy, %
coefficient porp ’ P ¥s 70
308 1.72 22834 8.8
318 0.68 6585 10.1
323 0.55 3702 7.2
Solubility of CO, in ethylcarbitol
binary interaction coefficient description accuracy, %
308 1.34 10.2
318 1.38 8.9
323 1.44 13.9

At the same time, it was established earlier in [3]
that one of the key components of filled plasticized
polymers, the stabilizer of chemical resistance, diphe-
nylamine, is easily soluble in supercritical carbon
dioxide. However, with the increase in the solvent
temperature at pressures of up to 15 MPa, its solubility
decreases significantly (up to 300%), which is
explained by the so-called crossover effect and is
observed for any substances soluble in SCFs. Thus, in
accordance with the phase diagram of the binary CO,—
ethylcarbitol mixture and the results of the previous
study of the solubility of diphenylamine in SC-CO,, it
is possible to conclude that the optimum range of the
mode parameters for removing ethylcarbitol from
polymers during their plasticization is 323 K and the
pressure ranges from 9 to 12 M Pa. The obtained results
were used in the studies carried out by the State Scien-
tific-Research Institute of Chemical Products, Kazan.

CONCLUSIONS

The optimal temperature of 323 K and pressure
ranging from 9 to 12 MPa of the operating parameters
for the removal of ethylcarbitol from polymers during
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their plasticization were determined based on the
study of the phase diagram of ethylcarbitol—CO,. On
the one hand, this range makes it possible to efficiently
remove ethylcarbitol from plasticized polymers, and
on the other hand, it makes it possible to keep the
components soluble in supercritical carbon dioxide in
the finished product.
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