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Abstract

Tetrahydrofuran (THF) and methanol (MeOH) are widely used as organic solvents in
chemical, pharmaceutical, and other industrial fields. The wastewater from producing
1,4-butanediol contains THF, MeOH, and water ternary azeotropic mixture. In this
study, to protect the environment and improve economic feasibility, THF and MeOH
from the wastewater must be recovered. Triple-column extractive distillation (TED),
pressure-swing azeotropic distillation (PSAD) and reactive extractive dividing-wall
column (REDWC) are introduced to separate this ternary system, and the NSGA-III
algorithm is introduced to optimize the processes, taking the total annual cost (TAC),
CO2 emissions, and process route index (PRI) as objective functions. The results indicate
that in comparison with TED process, TAC of PSAD and REDWC is reduced by 29.92%
and 24.25%, respectively, and CO2 emissions decreased by 18.01% and 25.13%, while PRI
increased by 150.25% and 100.50%. This study can provide an insight for the design of
ternary azeotropic system separation.

Keywords: ternary azeotropic system; NSGA-III algorithm; safety index; mixture
separation design

1. Introduction
Tetrahydrofuran (THF) and methanol (MeOH) are widely used as organic solvents

in chemical, pharmaceutical, and other industrial fields [1,2]. The production process of
1,4-butanediol generates significant quantities of wastewater containing THF, MeOH, and
water [3]. To comply with environmental regulations and prevent resource waste, THF and
MeOH need to be retrieved from the wastewater. However, in the THF/methanol/water
system, there are two azeotropic systems, making it difficult to be separated through
ordinary distillation. Thus, special distillations must be used to meet the separation
demand, such as extractive distillation (ED) [4], reactive distillation (RD) [5] and pressure-
swing distillation (PSD) [6]. Generally, it has previously been observed that the design
of ternary azeotropic separation poses greater technical challenges than that of binary
azeotropic separation [7].

Extractive distillation (ED) is a widely used method in separating multiple azeotropes
by adding a mass separating agent called entrainer. Cui et al. [8] explored an efficient extrac-
tive distillation method for the separation of ethyl acetate (EtAc)/isopropanol (IPA)/water
system through COSMO-SAC model. Jin et al. [9] investigated a triple-column extractive
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distillation (TED) containing a concentration column and a triple-column extractive distil-
lation that contains extractive distillation, a solvent recovery column and a conventional
distillation column for separating THF/MeOH/the water system.

Pressure-swing distillation (PSD) can vary in pressure to alter the composition of
the azeotrope to separate azeotropes. A greater shift in azeotropic composition under
different pressure yields better economic feasibility [3]. Pressure-swing azeotropic
distillation can be used when the azeotropic composition exceeds 5% [10]. Jin et al. [9]
used PSAD to separate the THF/MeOH/water mixture, which saved 5.75% of the total
annual cost (TAC) and reduced 29.1% of CO2 emissions compared with triple-column
extractive distillation.

Reactive distillation (RD) is a common intensification technology that breaks the
azeotropic system to achieve the separation goal through chemical reaction and distil-
lation, and it can be further designed into a double-column reactive-extractive distil-
lation column (DRED). Yan et al. [11] studied the recovery and utilization of the ben-
zene/isopropanol/water ternary wastewater through TED and DRED. The optimized
DRED achieved a 39.03% reduction in TAC and a 68.42% decrease in CO2 emissions
compared to TED. Meanwhile, dividing the wall column (DWC) represents a process
intensification technology, by integrating two conventional columns into a single unit.
Zhang et al. [12] have found that compared to traditional distillation sequences, TAC
can be reduced by 8.37% in DWC. Furthermore, DWC can be integrated into a reactive-
extractive dividing-wall column (REDWC) with DRED, which enables the separation of
ternary azeotropes completed in a single column. Huang et al. [13] reported that when com-
pared with TED, REDWC achieves a 46.01% reduction in TAC and a 68.27% reduction in
CO2 emissions.

With the TAC and CO2 emissions as the main optimization objectives when optimizing
the system [14], however, these studies often overlook safety factors, which are crucial in
process design. The process route index (PRI) is used as an indicator of safety factors in this
work [15], which include density, pressure, flammability, and heating value. It is proposed
to quantify inherent safety and address the identified issues, aiming to comprehensively
quantify the inherent safety level of a process route by overcoming the limitations of
conventional indices [16]. Meanwhile, it is necessary to optimize the operating parameters
of the designed process, but the built-in optimization method in Aspen Plus such as
sensitivity analysis easily falls into a local optimal solution. Thus, it is essential to discover a
global optimization approach. Due to the high nonlinearity of the process, a multi-objective
evolutionary algorithm such as non-dominated sorting genetic algorithm II (NSGA-II) [17]
and non-dominated sorting genetic algorithm III (NSGA-III) [18] is applied to separate the
ternary azeotropic system in this work. However, when the number of objectives exceeds
two, NSGA-III outperforms NSGA-II. Thus, NSGA-III is employed to optimize all the
processes in this work.

Above all, this work will be organized in the following way. Through the thermo-
dynamic analysis, three processes including TED, PSAD and REDWC are designed for
THF/MeOH/water ternary mixture separation. Subsequently, the NSGA-III algorithm
is utilized to optimize the economic, environmental, and safety index of these processes,
with the triple objectives of reducing TAC, lowering CO2 emissions and decreasing PRI.
Ultimately, the Pareto front is obtained through the algorithm, with the optimized results
of the three processes being the point of the Pareto curve.
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2. Methodology
2.1. Thermodynamic Analysis

The flow rate of the wastewater is set as 2985.04 kg h−1, containing 21.62% THF,
60.34% methanol and 18.04% water, while the purity of the final product is set as
99.5%THF, 99.55%MeOH and 99%water. Meanwhile, the NRTL model is applicable
to the system containing alcohols and various hydroxyl-functionalized components [19].
Therefore, all the process simulations are performed with Aspen Plus V11, where the
built-in NRTL model is employed to characterize and predict the thermodynamic be-
havior of the wastewater, and the missing binary parameters were estimated with the
UNIFAC model. [20] The built-in binary interaction parameters of the system are shown
in Table S1, which is sourced from the NRTL-1 library of Aspen Plus V11. Figure 1a
illustrates the two minimum-boiling binary azeotropes formed in the THF/MeOH/water
system: THF/MeOH and THF/water. Additionally, the distillation boundary divides
the diagram into two parts so that conventional distillation cannot cross the distillation
boundary [21]. Therefore, it is essential to develop advanced separation methods to
fulfill the separation demands.

Figure 1. Ternary phase diagram for (a) THF/methanol/water system and (b) THF/methanol/EG system.

As THF and MeOH are the expected products, the aqueous azeotrope complicates the
separation process. Therefore, EO is introduced to consume water to simplify the difficulty
of the process. Huang et al. introduced the kinetics of EO hydration to separate ethyl
acetate/isopropanol/water, which is also used in this work [11]. The reaction equation and
kinetics of EO hydration reaction can be found in Equation (1) and Equation (2), in which
xEO and xwater represent the mole fraction of EO and water, respectively. According to the
hydration reaction, the mole flow rate of the EO feed and the water in the wastewater is at
the ratio of 1:1 [9]. EG generated from the reaction can also be used as entrainer to break
the THF/MeOH azeotrope, which is shown in Figure 1b [22].

EO + H2O → EG (1)

r
(

kmol·m−3 h−1
)
= 2.8 × 1013 exp

[
−71.7

T

]
xEO xwater (2)
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2.2. Conceptual Design
2.2.1. Triple-Column Extractive Distillation (TED) Process

As shown in Figure 2, the process can be divided into three parts: the extractive
distillation column (ED), the conventional distillation column (CD) and the solvent
recovery column (SDR). EG and the wastewater are introduced into ED from the upper
and intermediate parts, respectively, where MeOH is extracted from the wastewater into
EG. The qualified THF is obtained as distillate, while the ED bottom stream simultane-
ously enters CD. In CD, the distillation process effectively separates the light component,
MeOH, and the heavy components, EG and water, achieving the required purity stan-
dards. Then, EG is carried out from the bottom of SDR for recycling while the qualified
water is obtained as distillate. As EG is partially lost during the distillation process,
replenishment is necessary to ensure the purities of the THF and MeOH products meet
the required standards.

Figure 2. Triple-column extractive distillation process.

2.2.2. Pressure-Swing Azeotropic Distillation (PSAD) Process

Since the main difficulty of separation lies within THF and methanol, the choice of
pressure should account for their influence. Based on the T-XY diagram of THF and MeOH
in Figure 3, the THF/MeOH azeotrope shows certain deviations at 0.1 Mpa and 0.6 Mpa. At
0.1 Mpa, the mass fraction of THF is approximately 0.48, while at 0.6 Mpa, it is around 0.69.
The azeotropic difference between the two pressures exceeds 5%, allowing for 0.1 Mpa and
0.6 Mpa to be used as the pressure of the low-pressure column (LP) and the high-pressure
column (HP), respectively, to achieve the desired separation.

Figure 4 shows the process of PSAD, which contains three parts: LP, HP, and CD.
The wastewater is fed into the intermediate of the LP, and the distillate containing THF
and MeOH is sent to the middle part of HP, while the bottom stream is fed into CD. The
bottom of HP produces the purified THF, while the remaining THF–methanol mixture
returns to LP for further separation. Meanwhile, MeOH and water are separated in
the CD, with high-purity MeOH obtained as distillate and wastewater discharged from
the bottom.
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Figure 3. T-XY diagram of the pressure-swing azeotropic distillation for separating the minimum-
boiling azeotropic mixture.

Figure 4. Pressure-swing azeotropic distillation process.

2.2.3. Reactive-Extractive Dividing Wall Column (REDWC)

In the REDWC process, all the operations such as the EO hydration reaction, the
separation of wastewater, and the solvent recovery are completed in one column, with only
one reboiler, reducing TAC and CO2 emissions. The column is divided into two parts: the
main column (MC) serves as the feed inlet and reaction zone, while the side column (SC)
functions as the MeOH product recovery section [23]. As shown in Figure 5, the entrainer
EG, the materials, and EO are fed into the column from the upper part, the upper-middle
part and the middle part, respectively. The EO hydration reaction takes place at the middle
part of MC, generating the entrainer EG. Meanwhile, the vapor stream from the column
base is distributed between MC and SC to facilitate the mass transfer in vapor–liquid
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interfaces. The qualified THF is extracted from MC, and the light MeOH is distillated in SC.
High-purity EG is obtained as the bottom product, which is partially recycled to MC after
cooling and is still used as entrainer.

Figure 5. Reactive-extractive dividing wall column process.

2.3. Performance Evaluation

To assess the performance of the three separation methods, we use TAC, CO2 emissions,
and PRI as key performance indicators. More detailed performance evaluation calculations
can be found in Table S2.

2.3.1. Economic Index

The total annual cost (TAC) is the primary economic evaluation metric, with its calcu-
lation formula provided in Equation (3) [24]. The CAPEX includes the costs of columns,
pumps, reboilers, and condensers, while OPEX represents the sum of utility costs. The in-
vestment recovery period is established as 3 years. Detailed economic calculation equations
are provided in the Supplementary Section S2.

TAC =
CAPEX

Payback Period
+ OPEX (3)
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2.3.2. Environmental Index

With the growing importance of environmental concerns, CO2 emissions have become
a key indicator for assessing processes’ environmental impact. Using natural gas as the
fuel source, it can be calculated in Equation (4).

CO2 emission
(

kg
h

)
=

Q f uel

NHV
·C%
100

·α (4)

Qfuel stands for the heat duty of fuel consumption (kW), NHV denotes the net heat-
ing value (kJ/kg), and C refers to the carbon content; detailed information about the
environmental index calculation equations can be found in the Supplementary Section S2.

2.3.3. Safety Index

The process route index (PRI) is an important indicator for safety factors, evaluating
the safety of the process through four aspects: density, pressure, flammability, and heating
value. The PRI can be calculated by Equation (5) [14].

PRI =
(MHVaverage)(MDENaverage)(Paverage)(COMBaverage)

108 (5)

MHVaverage is the average mass heating value (kJ kg−1); MDENaverage is the average
fluid density (kg m−3); Paverage is the average pressure (atm); and COMBaverage is the average
combustibility (%). The detailed information is shown in the Supplementary Section S2.

2.4. Optimization Strategy

It is essential to optimize the process to achieve balanced performance in the aspects
of economy, environmental protection, and safety. The specific optimization objective
function is shown in Equation (6). Aiming to minimize TAC, CO2 emissions, and the
PRI, NSGA-III is employed to optimize process parameters. Moreover, the purity of the
components is considered to be the constraint; therefore, if constraints were not met during
optimization, the penalty coefficient was increased to ensure the final solution set satisfied
the requirements.

min
x

[ f1(economy), f2(environment), f3(sa f ety)]

s.t.xTHF ≥ 0.995
xMethnol ≥ 0.995

xWater ≥ 0.99

(6)

The optimization process involves both integer and real operating parameters. There-
fore, the optimization is mathematically modeled as a mixed-integer nonlinear program-
ming formulation. To enhance the convergence speed, a numerical range of optimization
variables is necessary, which can be found in Table S4. Throughout the optimization pro-
cess, the ActiveX interface is used to link Aspen Plus with MATLAB 2024A, employing the
NSGA-III [25] algorithm for optimization.

Meanwhile, the key variables exhibit the following influences: An increase in the
reflux ratio enhances product purity but raises both CO2 emissions and PRI. A greater
number of stages leads to higher TAC but reduces both CO2 emissions and PRI. Higher
distillate flow rate reduces the purity of the product. An increased entrainer flow rate
increases TAC and CO2 emissions but decreases PRI. Consequently, TAC, CO2 emissions,
and PRI are not positively correlated.

There are seven integer variables to be optimized in TED, namely, the number of
trays (N1, N2, N3), the feed stage (NFentrainer, NFFeed, NF1, NF2) and seven real variables,
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namely, the reflux ratio (RR1, RR2, RR3), the flow rates of distillate (DF1, DF2, DF3), and the
entrainer flow rate (FEG).

There are six real variables to be optimized in PSAD, namely, the reflux ratio (RR1,
RR2, RR3), the flow rates of distillate (DF1, DF2), and the bottom product flow rate (BF1),
and seven integer variables, namely, the number of trays (N1, N2, N3) and the feed stage
(NFReflux, NFFeed, NF1, NF2).

There are seven real variables to be optimized in the REDWC process, namely,
the reflux ratio (RR1, RR2), the flow rates of distillate (DF1, DF2), the flow rate of EG
(FEG), the mole liquid holdup (LH) and the vapor flow rate (V1), and six integer vari-
ables, namely, the number of trays (N1, N2, N3) and the feed stage (NFEO, NFFeed, NF1,
NF2, VF1).

Meanwhile, Figure 6 shows the optimization steps. Based on NSGA-III, the initial
population is generated by MATLAB. Then, the candidate solutions are evaluated through
Aspen Plus via ActiveX interface, which returns the performance indicators, including
TAC, CO2 emissions and PRI, under the purity constrains. Each generation iterates through
crossover and mutation until the preset criteria is met. The Pareto front is ultimately
obtained through the algorithm that effectively balances optimization objectives and the
constraints. To obtain more accurate Pareto-optimal solutions, a population size of 200 is
used, and the algorithm is iterated for 200 generations. All optimization is performed on a
laptop with i9-13900h CPU.

Figure 6. The flowchart of the optimization process.
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3. Results and Discussions
3.1. Results of Multi-Objective Optimization

After taking 50 h, 48 h, and 54.5 h for TED, PSAD, and REDWC, respectively, the result
of the optimizing process parameters with the NSGA-III algorithm is illustrated in Figure 7.
All data from the Pareto front can be found in Table S7.

The Pareto front of RED, PSAD, and REDWC is graphically represented in Figure 7
a–c, respectively, where red triangles denote two key cases in each process, and the detailed
parameters are shown in Table 1: the most economical and environmental design, and the
safest design, namely Case 1 and Case 2, respectively. Due to the small range of the feasible
variables and the complexity of the process, all the shapes of the scattered points are close
to the Pareto curve. It is obvious that the value of PRI is inversely proportional to both
TAC and CO2 emissions. The lower the PRI is, the higher TAC and CO2 emissions are. This
occurs because of the reduction in the flow rate of the entrainer, pressure, and reflux ratio
will reduce TAC and CO2 emissions while increasing the PRI. Points enclosed by triangles
are further used for an optimal process.

Figure 7. Optimization results of (a) TED, (b) PSAD and (c) REDWC.
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Table 1. Detailed design parameters of TED, PSAD and REDWC process.

TED PSAD REDWC

Variables Case 1 Case 2 Case 1 Case 2 Case 1 Case 2

N1 65 62 29 29 65 63
NFExtractant 4 3 7 7 3 3

NFFeed 26 28 11 11 21 22
RR 0.7 0.85 1.96 1.99 1.93 2.02
DF1 644.99 644.75 2072.24 2079.2 642.19 642.2
LH / / / / 8.41 10
V / / / / 1848.43 1855

VF / / / / 53 52
N2 22 20 21 19 7 6

NF2 14 12 15 13 / /
RR2 0.94 0.95 1.72 1.82 / /
DF2 1802.46 1802.01 643.09 643.68 1805.39 1805.68
FEG / / / / 20,336.75 20,488.57
N3 21 15 18 18 / /

NF3 9 10 14 14 / /
RR3 0.65 0.81 1.1 1.1 / /
DF3 540.02 539.71 1802.49 1802.42 / /

3.2. Results of Optimal Processes

Figures 8–10 graphically summarize the optimal parameters of the TED, PSAD, and
REDWC processes.

Figure 8. Optimal parameter of TED process.

As shown in Figure 8, EG and the wastewater enter ED at the 4th and 26th stages,
respectively, and MeOH is extracted from the wastewater to EG. Consequently, THF is
obtained as distillate, with a flow rate of 644.99 kg h−1 and a purity of 99.65%. The bottom
stream containing MeOH, EG, and water is fed to CD at the 14th stage. Owing to the large
boiling point differences among MeOH, EG, and water, MeOH is obtained as distillate with
a flow rate of 1802.46 kg h−1 and a purity of 99.70%. Then, EG and water enter SDR at the
ninth stage, with the treated wastewater discharged and the high-purity EG recycled after
cooling. As EG is partially lost during the distillation process, an additional 2.45 kg h−1 EG
is added with the previous EG as the entrainer.
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Figure 9. Optimal parameter of PSAD process.

Figure 10. Optimal parameter of REDWC process.

Figure 9 illustrates that the wastewater stream enters LP at the 11th stage. The
THF/MeOH azeotrope obtained as distillate is sent to the HP for further separation, while the
MeOH/water mixture from the bottom is sent to the CD as feed. In the HP, feed introduced at
the 15th stage yields 643.09 kg h−1 of THF with a purity of 99.50% at the bottom, while the
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distillation stream returns the remaining THF/MeOH azeotrope to LP. In CD, feed enters at
the 14th stage and MeOH is obtained as distillate with a flow rate of 1802.49 kg h−1 and a
purity of 99.50%, and the bottom discharges treated wastewater at 99.2% purity.

Figure 10 shows that wastewater and EO enter the MC at the 21st and 31st stages,
respectively, and then the countercurrent contact between EO and water generates EG.
Simultaneously, EG fed at the third stage extracts MeOH from the wastewater. As a result,
THF is obtained as distillate in the MC with a flow rate of 642.19 kg h−1 and a purity of
99.50%. In addition, 1848.43 kg h−1 of vapor steam from the MC bottom is directed to SC,
where MeOH is obtained as distillate with a flow rate of 1805.39 kg h−1 and a purity of
99.59%. To save resources, EG obtained as the bottom product is recycled after cooling. To
maintain liquid balance, 1854.27 kg h−1 of EG is withdrawn during recycling.

3.3. Economic, Environmental and Safety Evaluation

Figure 11 graphically summarizes the TAC, CO2 emission, and PRI values for all three
different processes in this work. The TACs of TED, PSAD, and REDWC are 1.83 × 106 $,
1.28 × 106 $, and 1.38 × 106 $ each year, respectively, while the CO2 emissions of these
processes are 1358.53, 1053.84, and 969.80, respectively. Compared with TED, PSAD and
REDWC are economically and environmentally attractive, which reduced TAC by 29.73%
and 23.46%, and CO2 emission by 22.43% and 28.69%, respectively. This occurs because
for the PSAD process, the pressure swing replaces the entrainer addition, reducing the
operating cost of both the condenser and reboiler. For the REDWC process, integrating
all operations into a single column reduces the capital cost and the operating cost of the
reboiler. Moreover, the heat that the EO hydration reaction generates can also reduce the
heat of the reboiler. Since identical fuel was utilized across all processes, CO2 emissions are
only determined to be the duty of the reboiler. Consequently, TAC and CO2 emissions of
PSAD and REDWC are more significantly reduced than that of TED.

Figure 11. Performance evaluation from the aspects of (a) economy, (b) environment, and (c) safety.
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However, regarding PRI, PSAD shows the highest value of 5.03, while TED and
REDWC have values of 2.01 and 4.03, respectively. The reason for this is that in the PSAD
process, the value of pressure is more than twice as high as TED and REDWC, while in
REDWC, the introduction of EO enhances the value of combustibility. Therefore, TED is
the safest process among the three.

4. Conclusions
In this paper, TED, PSAD, and REDWC are proposed to separate THF/MeOH/water

ternary azeotropes to achieve a sustainable process. With the goal of achieving an eco-
nomic, environmental, and safe process, NSGA-III is employed to optimize. Moreover, the
introduction of the EG and EO hydration reaction reduces the complexity of the process.
The result shows that compared with TED, PSAD and REDWC are economically and
environmentally attractive, which reduced TAC by 29.92% and 24.25%, and CO2 emissions
by 18.01% and 25.13%, respectively. But regarding PRI, PSAD and REDWC increased by
150.25% and 100.50%, respectively.

This work can provide certain ideas for the design of other separation systems. How-
ever, the applicability of the proposed separation is currently restricted to wastewater
treatment scenarios. In addition, the exergy can also be considered for analysis, which will
be performed in further work.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/separations12090255/s1, Section S1: Process modeling; Table S1:
The built-in binary interaction parameters of the work. Section S2: Performance indices; Table S2:
Utilities cost in the TAC calculation; Table S3: Flammability calculation of THF, methanol and EG;
Section S3: Variable range; Table S4: Variation range of decision variables for TED; Table S5: Variation
range of decision variables for PASD; Table S6: Variation range of decision variables for REDWC;
Section S4: Algorithms comparison; Table S7: The detailed data of the TED, PSAD and REDWC with
NSGA-III algorithms optimization [26–29].
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Abbreviations

THF tetrahydrofuran
CC conventional column
EG ethylene glycol
MeOH methanol
RD reactive distillation
EtAC ethyl acetate
IPA isopropanol
TED triple-column extractive distillation
DMSO dimethyl sulfoxide
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ED extractive distillation
CD conventional distillation
PSD pressure-swing distillation
PSAD pressure-swing azeotropic distillation
SDR solvent recovery column
LP low-pressure column
HP high-pressure column
DRED reactive-extractive distillation column
DWC dividing wall column
REDWC reactive-extractive dividing wall column
NSGA-II non-dominated sorting genetic algorithm II
NSGA-III non-dominated sorting genetic algorithm III
MC main column
SC side column
TAC total annual cost
PRI The process route index
N stage
NF feed stage
RR reflux ratio
DF distillate flow rate
FEG entrainer content
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