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Abstract
The fine chemical and pharmaceutical industries use large amounts of various organic solvents in their man-
ufacturing processes. By reusing them, production costs can be significantly reduced. If we can regenerate 
waste solvent mixtures, we have the opportunity to reuse them in the production process or in other produc-
tion processes. Our study illustrates an efficient regeneration process using the example of a four-component 
solvent mixture. calculations were performed in a professional process simulator to demonstrate that the 
highly non-ideal Water-Ethyl Alcohol-Methyl Ethyl Ketone-Ethyl Acetate solvent mixture can be efficiently 
decomposed into azeotropic pairs and thus regenerated by the extractive heterogeneous-azeotropic distilla-
tion technique.
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1. Introduction 
On our planet, industrial processes require in-

creasingly more careful planning and operation. 
This thinking requires the mimicking of nature’s 
cycles and the transposition of the concept of 
cycles into industrial practice, since there is no 
waste in nature, everything is always utilized  [1].

It is important to emphasize that the energy re-
covery and disposal of waste is either not cheap 
or not efficient in terms of environmental sus-
tainability. As these methods return chemicals to 
our natural environment, it is advisable to set up 
our waste management strategy from the tools 
above them in the hierarchy [2]. It is advisable to 
follow the procedures for reuse and recycling in 
the waste management hierarchy diagram shown 
in Figure 1. 

In the recent period, environmental protection 
has also become increasingly important in the 
chemical industry. Although the goal in environ-
mental process planning is to prevent the gener-
ation of waste, in many cases it is inevitable that 
waste will be generated. A typical example of this 

is the case of process wastewater and residual sol-
vents, which are generated especially in the fine 
chemical industries, especially in the pharmaceu-
tical industry.

In this case, efficient end-of-pipe waste manage-
ment is required instead of direct discharge. In 

Figure 1. Waste management hierarchy diagram. [2]
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the case of end-of-pipe waste treatment methods, 
it is important to pay attention to any recoverable 
materials and their recycling [3].

Extractive heterogeneous-azeotropic distillation 
(EHAD) is a new distillation process developed 
by the Environmental and Process Engineering 
Research Group [4, 5], which already has sev-
eral industrial implementations. The process 
has become a proven method for the treatment 
of process wastewater and waste solvents. The 
technique has proven the separating of highly 
non-ideal multicomponent azeotropic mixtures, 
which combines the advantages of extractive and 
heterogeneous-azeotropic distillations. In the pro-
cess, the extractive agent (water) fed to the top of 
the column is used to break the azeotropic point, 
and the phase separator is used to separate the 
heterogeneous-azeotropic. The general schema of 
EHAD system is illustrated in Figure 2. 

Figure 3 illustrates the equilibrium shifting 
effect of the addition of water on vapour-liquid 
equilibrium diagram of the mixture of ethanol 
(EtOH) and ethyl acetate (EtAc). It can be seen that 
by adding a given amount of extractive agent, the 
separation can be made quasi-ideal.

It should be emphasized that the EHAD pro-
cess is advantageous because no new azeotrope 
is formed, since the water used as the extrac-
tive agent is already present in the mixture to 
be separated [6]. The waste solvents, which can 
be considered as three-component (ternary) or 
four-component (quaternary) mixtures, can be 
separated into binary component pairs by the 
process, which can be separated into their com-
ponents in further, already simpler distillation 
columns  [7, 8].

2. Materials and methods
In the specific task, the separation of a four-com-

ponent mixture of industrial origin (Water – Ethyl 
alcohol – Methyl ethyl ketone – Ethyl acetate) was 
investigated.

Reliable vapour-liquid equilibrium data are es-
sential to perform proper distillation calculations. 
In this regard, it is expedient to collect informa-
tion from databases. The Gmehling-Onken VLE 
series has become the most widespread in pro-
fessional sectors  [9]. Table 1 lists the azeotropic 
cases of the solvent mixture to be investigated. It 
can be seen that it has 6 binary and 3 ternary aze-
otropic, so the separation behaviour has non-ide-
al circumstance and therefore requires complex 
treatment procedure.

Figure 2. The general scheme of extractive heteroge-
neous-azeotropic distillation (EHAD). [4]

Figure 3. Equilibrium of Ethyl alcohol (EtOH) and 
Ethyl acetate (EtAc) with water addition. [5]

Table 1. Azeotropic cases and boiling temperatures 
of quaternary Water – Ethyl alcohol – Me-
thyl ethyl ketone (MEK) – Ethyl acetate 
mixture  [9]

Azeotropic cases Boiling temp. [°C]
Water EtAc  70.4–72.3

Water MEK  73.7–73.8

Water EtOH 78.0–78.3

EtOH EtAc 70.9–72.1

EtOH MEK 74–75

EtAc MEK 76.4–77.1

Water EtOH EtAc 70.2–70.4

Water EtOH MEK 73

Water EtAc MEK 71.1
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The aim of this work was to decompose the qua-
ternary mixture into azeotropic pairs. To solve 
this problem, water was pumped as extractive 
agent into the top of the column. Thus, a mixture 
of ethyl alcohol and water was formed as the bot-
tom product of the column and its alcohol content 
was further enriched in another column. The two-
phase distillate product of the EHAD column was 
condensed in a phase separator. The water-rich 
lower phase was mixed with the extractive agent, 
and the non-alcoholic product was available in 
the upper phase.

The calculations were performed in a profes-
sional process simulator, in the chemcAD soft-
ware package. ScDS type columns and LLV Flash 
module as the phase separator were chosen. Dur-
ing optimization, the theoretical plate number of 
columns was changed. In addition, the variation 
of the water supply current in the case of the 
EHAD column was also investigated [10–12]. The 
four-component solvent mixture was fed into the 
middle of the column in each case. Furthermore, 
the temperature in the phase separator was ad-
justed to 20°c. The correctness of these settings 
was confirmed by our previous research works  
[4, 5].

Figure 4 shows the separation structure in the 
process simulator.

Figure 5 illustrates the theoretical structure of 
the separation of the four-component mixture in 
tetrahedral representation, where apex 4 of the 
tetrahedron represents the pure components. In 
addition, various azeotropic compositions are de-
picted.

3. Results and discussion
Table 2 shows the optimal separation parame-

ters for the HEAD column.
The results show that at least six times the 

amount of water added is required to meet the 
desired expectations. This high ratio to feed is 
realistic and is consistent with our previous find-
ings that more water is required to separate more 
complex mixtures of many binary and ternary 
azeotropes [4].

It is important to emphasize that the most im-
portant factor in terms of operating costs in the 
case of distillation separations is the steam re-
quirement, so it is worth striving to minimize 
this. Figure 6 illustrates the evolution of the theo-
retical plate count between the reboiler duty and 
the minimum required extractive agent. It can be 
seen that the two values correlate with each oth-
er, and after the theoretical plate number of 30 

Figure 4. Separation of quaternary Water – Ethyl 
alcohol – Methyl ethyl ketone – Ethyl aceta-
te mixture in process simulator

Figure 5. Separation of quaternary Water – Ethyl 
alcohol – Methyl ethyl ketone – Ethyl aceta-
te mixture in tetrahedron (xD: distillate 
composition, xF: feed composition, xW: bot-
tom product composition) [13]

Table 2. The results of EHAD column (F: feed, D: dis-
tillate product, W: bottom product).

Solvent mix-
ture F Extractive 

agent
D-Upper 

phase W

Water  [m/m%] 10 100 8.4 91.3

EtOH [m/m%] 21 0 0 8.7

MEK [m/m%] 32 0 40.3 0

EtAc [m/m%] 37 0 51.3 0

Stream  [kg/h] 500 3000 420 3080

Temp. [°c] 20 20 70.9 92.7
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there is no significant change. Thus, in the case 
of the EHAD column, the theoretical plate num-
ber of 30 can be considered optimal. In the case 
of larger column, we did not perceive significant 
change in the improvement of the compositions 
either, therefore it did not make sense to increase 
the size of the column in terms of investment 
costs.

In the case of the alcohol enrichment column, a 
nearly azeotropic distillate product was obtained 
in a column with theoretical plate number of 10 
using a reflux ratio of 5.

4. Conclusions
According to the calculations, it can be stated 

that the complex distillation method is suitable 
for the separation of highly non-ideal mixtures. 
For other mixtures with similar behaviour, the 
method can be generalized. The distillate product 
can also be further enriched if possible, but even 
less complex methods can be effective, because 
azeotropic decomposition has been achieved. 
The process also follows the principles of circu-
lar economy, which allows components to be re-
cycled within the factory, all with the minimum 
equipment and energy required for the task.
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