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Abstract: The processes of extractive distillation and heteroazeotropic distillation of mixtures con-
taining water and a high-boiling component (propionic acid, acetic acid, 1-methoxy-2-propanol) are
compared. Entrainers declared in the literature as effective agents for these processes were selected
as separating agents. A distillation process simulation in AspenPlus V.11.0 is made. Parametric
optimization is carried out and the column operation parameters (number of stages, feed stage,
reflux ratio) that meet the minimum energy consumptions and ensure the production of marketable
substances are determined. It is shown that the process of heteroazeotropic distillation is more
energy-efficient compared to extractive distillation by more than 50%, due to the introduction of an
entrainer that lowers the boiling point of process. In addition, in some cases (acetic acid + water with
vinyl acetate, propionic acid + water with hexane, cyclohexane, cyclohexanol), one of the columns in
the separation flowsheet can be abandoned due to the significantly limited mutual solubility.

Keywords: extractive distillation; heteroazeotropic distillation; entrainer; high-boiling components;
binary mixtures

1. Introduction

The processes of extractive distillation (ED) and heteroazeotropic distillation (HAD)
are referred to as energy-efficient methods of azeotropic mixture separation [1-3]. These
processes are united by the need of using a new substance, which should increase the
relative volatility of the components in the case of ED and form a new heteroazeotrope with
a minimum boiling point in the case of HAD. The differences between the two methods
are in the organization of material flows and the structure of the technological flowsheet
(presence/absence of a separator, entrainer regeneration column). Despite the fact that
distillation is the most commonly used separation method in the technology of basic organic
and petrochemical synthesis, this process is characterized by a high energy intensity and
finding ways to reduce it is an urgent task [4]. A great number of publications are devoted
to the study of ED and HAD processes. There are few works devoted to comparing each of
these methods with others, including ED and pressure swing distillation (PSD) [5-11], HAD
and PSD [12,13], and ED and HAD [14-16]. Separately, the methods of aqueous mixture
separation using azeotropy or pressure swing adsorption should be noted [17-19]. The
results of the multicomponent mixture separation by distillation are determined primarily
by the features of the vapor-liquid equilibrium under various conditions, in particular, the
addition of specially selected entrainers (E) with varying pressure. In all phase diagrams,
with the exception of the zeotropic one, composition simplices break up into closed cells
of the distillation process development. The boundaries between individual cells are
separatrices of saddle-shaped singular points, and in the binary mixtures, azeotropic points.
Special distillation methods are based on the principle of redistribution of composition
fields (PRCF) between the specified separation areas [20]. PRCF implies that the same
composition or combination of compositions belong alternately to different separation
areas, depending on the characteristics of the process or the characteristics of the phase
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behavior of mixtures with different external parameters. For example, due to the mobility
of the azeotrope, it is possible to separate binary azeotropic mixtures of different types in
two-column complexes (PSD). In the processes of HAD and ED, PRCF is implemented
in a slightly different way. In HAD, when a new selected entrainer is added, a favorable
change in the structure of the phase diagram of a larger dimension occurs. In ED, when
selective high-boiling entrainer is added, the relative volatility of the target component
(product) increases directionally and the dynamic system of the process changes due to the
multi-level flow feed of the original mixture and the entrainer. Extreme temperature and
concentration profiles are observed along the height of the column [21], which indicate a
different ratio of separation work and mixing work in the process [22]. When entrainer and
the original mixture are fed into different feed stages, the work of mixing the high-boiling
entrainer with internal flows partially compensates for the original mixture separation
work and reduces energy consumption, which was shown by us when evaluating a number
of separation modes of binary azeotropic (acetone + methanol with water, water + formic
acid with acetic acid, acetone + chloroform with DMFA) and zeotropic mixtures containing
components with close volatility (dioxane + toluene with decane) [22].

Binary mixtures are mainly considered, and to a large extent the latter are formed by
components with a boiling point of 373 K and below (i.e., low-boiling components). When
separating these mixtures, as a rule, ED is more energetically advantageous. However,
when separating high-boiling mixtures (with a boiling point above 373 K), the situation
may change.

The paper presents the comparison of two processes (ED and HAD) in the separation
of high-boiling mixtures. Systems that have been well-studied in the literature were selected
as objects of research, namely propionic acid (PA) + water (W), 1-methoxy-2-propanol (MP)
+ water, and acetic acid (AA) + water. In the first two systems, there is an azeotrope. In the
third one, the relative volatility of the components is close to unity. The task of entrainer
selection was not set, since the effective ones for these processes have already been selected
in the literature [23-27]: N-methyl-2-pyrrolidone (NMP), N-methylacetamide (NMAA),
cyclohexane (CHAN), cyclohexanol (CHOL), hexane (H), vinyl acetate (VA), isopropyl
acetate (IPA), ethyl acetate (EA), and sulfolane (S). Information on the use of an entrainers
for the processes considered and the composition of the original mixtures are given in
Table 1.

Table 1. The compositions of original mixtures and entrainers for ED and HAD.

Binary Original Mixture Comp. Entrainer
Mixture X1, Mole Frac. ED HAD
PA +W 0.8 NMP, NMAA CHAN, CHOL, H
AA+W 0.8 NMAA, NMP VA, EA
MP + W 0.5 S, NMP IPA
2. Methods

The research method comprised thermodynamic modeling using software AspenPlus
V.11.0. and the NRTL model. The equation parameters are presented in Tables S1 and 52
of Supplementary Materials. A comparison between the evaluated and experimental
parameters—boiling temperature of pure components and azeotrope characteristics (com-
position and boiling temperature) (Table 2)—was made. If the relative standard uncertainty
(ur) of the description of VLE, LLE, was less than 0.05, the set of parameters was used for
further calculations (phase equilibrium studies and simulation of the distillation process):
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where a can be presented as temperature (T) or concentration (X). The experimental and
calculated boiling point, i.e., the azeotropic data, are given in Table 2. Solubility data are
given in Table 3.

Table 2. The experimental and calculated boiling point and azeotropic composition (at 101.3 kPa) [28—41].

Boiling Point, K X1, Mole Frac
Component/Mixture ur ur
Exp. Calc. Exp. Calc.
414.05
PA 24 % 10— 414.15 0.0002 - - -
w 373.20 373.15 0.0001 - - -
MP 391.70 393.15 0.0037 - - -
AA 391.30 391.25 0.0001 - - -
NMP 475.20 477.42 0.0047 - - -
NMAA 478.20 478.15 0.0001 - - -
CHAN 353.90 353.87 0.0001 - - -
CHOL 434.30 434.00 0.0007 - - -
H 341.90 341.88 0.0001 - - -
VA 345.50 345.65 0.0004 - - -
S 558.00 560.45 0.0044 - - -
IPA 355.60 355.30 0.0008 - - -
EA 350.20 350.21 0.0001 - - -
W +PA 372.92 372.71 0.0006 0.9542 0.9272 0.0283
W + MP 367.60 370.64 0.0083 0.8250 0.8081 0.0209
CHAN + W 342.55 342.64 0.0003 0.7010 0.6990 0.0028
W + CHOL 370.92 371.48 0.0015 0.9380 0.9313 0.0071
H+W 335.13 334.58 0.0017 0.7810 0.7898 0.0113
VA +W 339.15 338.65 0.0015 0.7266 0.7452 0.0250
EA +W 343.53 344.54 2.9 x1073 0.7000 0.6731 0.0385
IPA + W 349.75 349.92 0.0005 0.5980 0.5824 0.0261
Table 3. The experimental and calculated LLE data (at 101.3 kPa, 293 K) [42-46].
Mixture Liquid Mole Liquid Mole u
Fraction (Exp. Data) Fraction (Calc. Data) t
Xt X2” Xt X2” AX1 AX2”
W +PA
W+H 0.9999 0.9996 0.9999 0.9995 0.0000 0.0001
W + CHAN 0.9999 0.9995 0.9999 0.9995 0.0000 0.0000
W + CHOL * 0.9960 0.6741 0.9964 0.6383 0.0004 0.0531
W+ AA
W + VA 0.9976 0.9504 0.9970 0.9493 0.0006 0.0012
W +EA 0.9830 0.8733 0.9830 0.8681 0.000 0.0060
MP + W
IPA + W 0.9166 0.9950 0.9178 0.9947 0.0013 0.0003
*T=295K.

All entrainers meet the requirements imposed on them. Those for HAD form a new
heteroazeotrope with a minimum boiling point (Table 2, Figure 1). The calculation of
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the VLE in derived ternary systems (“original binary mixture + entrainer”) showed the
following change in relative volatility (oF / &) for PA + W with NMP: 5.33/8.78, with NMAA:
9.03/8.78; for AA + W with NMAA: 6.71/1.95, with NMP: 2.51/1.95; for MP + W with S:
3.11/2.36, and with NMP: 4.87/2.36 (the relative volatility in the presence of entrainer is
given as the ratio of the amounts of entrainer and the original mixture, 2/1). Despite the fact
that the relative volatility of the PA + W in the presence of NMP decreases somewhat (and
in the presence of NMAA, increases slightly), this indicator remains high, which contributes
to the separation of the mixture using ED. For the MP + W mixture, the selectivity of NMP
is higher compared to S; for the AA + W mixture, NMAA will be the more effective agent.
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Figure 1. Phase diagram of derived ternary systems (“original binary mixture + entrainer (HAD)”) at
101.3 kPA (LLE is given at 293 K).

3. Results and Discussion

Based on the studied entrainer properties, two variants of the separation flowsheet
are proposed: the first is heteroazeotropic distillation containing a liquid-liquid separator
(the target product is in the bottom flow); the second is extractive distillation (the target
product is in the distillate flow) (Figure 2).

It should be noted that when separating binary mixtures in the HAD flowsheet, the
second column can be abandoned in some cases, due to the limited mutual solubility of
one of the components of the original binary mixture and the entrainer; the concentration
of water in R2 flow (Figure 1) is higher than 0.995 mole frac.

The simulation of the distillation process was carried out. The columns operation
parameters that meet the minimum energy consumption and ensure the production of
substances with GOST purity (PA—99.8 % mass; AA—99.5 % mass; MP—99.8% mass)
were determined (Table 4). The amount of original mixture in all cases was 100 kmol/h.
Optimization of the column parameters was carried out according to the standard proce-
dure [47,48]; the optimization criterion was the total heat duty on the column reboilers. The
main steps of optimization are given in the Supplementary Materials.
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Figure 2. Separation flowsheets: (a) heteroazeotropic distillation; (b) extractive distillation. Ci—

distillation column, S—separator, Di (Wi)—distillate (bottom) flow, Ri—flows leaving the separator,
1(2)—refers to the column number.

Table 4. The columns operation parameters.

Stage Feed Stage R1 or F(E),

Process E Column Number (Mixture/E) Reflux Ratio kmol/h Q, kW
PA+W
CHAN c1 5 4/1 ; 46.74 637.01
HAD CHOL c1 18 12/3 0.32 242 376.80
H c1 5 4/1 ) 7542 85441
c1 18 10/4 0.4 50.00 538.47
NMAA c1 38 4 15 ; 1856.16
ED NMP c1 27 19/6 05 50.00 565.62
2 13 7 0.6 ; 1250.83
AA+W
VA c1 18 7/2 0.2 73.39 1069.99
HAD c1 16 7/3 0.4 69.00 1188.44
EA 2 5 3 0.1 - 17.99
c1 38 11/4 3.0 25.00 999.03
NMAA 2 50 3 03 ; 833.33
ED c1 55 19/5 3.8 25.00 1176.59
NMP 2 18 5 0.2 ; 733.92
MP + W
c1 30 25/11 0.2 92.16 1755.94
HAD IPA 2 6 4 05 ; 40.02
c1 46 36 3 100.00 1647.55
S 2+ 6 4 0.2 - 623.75
ED NMP c1 23 12/6 0.4 100.00 1439.86
2 35 5 2.0 ; 1697.93

* column pressure 6.08 kPa, the operating pressure of remaining columns is 101.3 kPa.

The pressure reduction in column C2 of ED flowsheet for the MP + W mixture separa-
tion is due to the need to reduce the temperature in the column bottom in order to avoid
the decomposition of sulfolane.

The flowsheet of HAD of the PA + W binary mixture with CHAN (CHOL, H) and the
AA + W binary mixture with VA contain only one distillation column. The concentration
of water in the aqueous layer leaving the separator (R2) is 0.996-0.999 mole frac. A lower
number of theoretical stages in the columns will be required to separate the mixtures by
HAD. The reflux ratio in the extractive distillation column is significantly higher compared
to other columns, which is due to the need to reduce the content of the agent in the distillate
flow (D1).

The difference in the amounts of entrainers in the ED process is due to their selectivity.
For the HAD process, this difference is due to the specifics of phase equilibrium (the ratio of
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the amounts of liquid layers in the separator, which depends on the components’ solubility,
as well as the location of the heteroazeotrope—Figure 1).

A comparison of the energy consumption of separation flowsheets in the presence of
different entrainers for three mixtures is shown in Figure 3.
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Figure 3. Comparison of flowsheets” energy consumption for separation of PA + W (a), AA + W (b),
and MP + W (c) binary mixtures.

4. Conclusions

For the separation of ternary mixtures containing high-boiling components, entrainers
for extractive and heteroazeotropic distillation processes were selected based on an analysis
of the literature. The addition of an entrainer leads to a transformation of the composi-
tion space of the phase diagram (its dimension increases, new singular points appear)
(HAD) and a change in the process” dynamic system due to the supply of the entrainer
and the original mixture to different feed stages. As a result of parametric optimization,
the column operation parameters corresponding to the minimum energy consumption
were determined.

A comparison of the data obtained shows that when separating mixtures containing
high-boiling components, heteroazeotropic distillation turns out to be more energetically
advantageous. First of all, this is due to the introduction of an entrainer that forms an
azeotrope with a minimum boiling point, lowering the temperature in the columns. In the
process of extractive distillation, the boiling point of the agent is higher than that of the
component and, consequently, the temperature in the column bottom is higher. Another
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advantage of the HAD process is that, in some cases, it is possible to abandon one of the
columns (additional purification of the component is not necessary due to components that
are practically insoluble in each other). In the ED flowsheet, the entrainer regeneration
column is always needed. Reducing the energy consumption of the extractive distillation is
possible due to the use of an agent with a minimum boiling point; however, in this case,
the entrainer will be present in the distillates of the columns, which may negatively affect
the energy consumption of the flowsheet.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /chemengineering6050083 /s1, Table S1: The parameters* of NRTL-
HOC equation for binary mixtures i-j; Table S2: The parameters of NRTL equation for binary mixtures
PA (AA, MP, W) + separating agent.
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