I_J,II separations

Article

Simulation and Optimization of the Separation of
Methanol-Dimethyl Carbonate Azeotrope by Extractive
Dividing Wall Column

Meiqin Zheng * and Jiawei Wang

check for
updates

Citation: Zheng, M.; Wang, J.
Simulation and Optimization of the
Separation of Methanol-Dimethyl
Carbonate Azeotrope by Extractive
Dividing Wall Column. Separations
2022, 9,189. https://doi.org/
10.3390/ separations9080189

Received: 28 June 2022
Accepted: 21 July 2022
Published: 25 July 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Fujian Provincial Key Laboratory of Featured Biochemical and Chemical Materials,
Fujian Province University Key Laboratory of Green Energy and Environment Catalysis,
College of Chemistry and Materials, Ningde Normal University, Ningde 352100, China;
wangjiawei@ndnu.edu.cn

* Correspondence: zhengmeiqin@ndnu.edu.cn

Abstract: The extractive distillation of a methanol and dimethyl carbonate (DMC) azeotrope system
was taken as an example, and the simulation and optimization of the conventional extractive process
(CEP) and extractive dividing wall column (EDWC) were carried out by Aspen Plus software. In
order to meet the requirements of separation, lower energy Consumption and investment cost were
obtained by using a univariate analysis of the optimal operating parameters of the EDWC. The
coupling mechanism of the EDWC was described. The results showed that the number of theoretical
plates of EDWC was 36, which was lower than the sum of theoretical plates in the two columns of
CEP. At the same time, compared with the CEP, the energy consumption of the EDWC could save up
to 16.09% and 11.85%, respectively.
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1. Introduction

A large number of chemical raw materials for chemical production are toxic, which
will do great harm to human beings and the environment. For the sustainable development
of the human living environment, at the end of the 1960s, human beings began to pay
attention to environmental problems. Various countries have also promulgated environ-
mental protection laws and regulations and formulated emission standards for various
pollutants. However, this terminal control of pollution can only play a role in controlling
pollution for a certain range of time. The fundamental solution to pollution control is
to use “green technology” chemical production, as far as possible to choose non-toxic or
low toxicity chemical raw materials and as far as possible to use non-pollutant chemical
processes [1]. Therefore, it is urgent to find non-toxic and harmless basic chemical raw
materials. Dimethyl carbonate (DMC), as a non-toxic and non-corrosive liquid, is one of
the green chemical products with development prospects in recent years. It can be used as
an important component of polycarbonate and other organic syntheses, methylating agent,
solvent and fuel additive for lithium-ion batteries, etc. In the synthesis process of DMC,
the most promising synthesis route is to use vinyl carbonate as the intermediate and then
vinyl carbonate and methanol to further synthesize DMC and glycerol. The efficient sepa-
ration of methanol and DMC azeotrope system is involved in the synthesis process [2,3].
In industry, special distillation methods such as extractive distillation [2,4,5], azeotropic
distillation [6], membrane separation [7,8] and variable pressure distillation [9,10] are often
used to separate methanol and DMC. The selection of extractant is the key to extractive
distillation separation. Extractants such as vinyl carbonate, aniline and ethylene glycol
have been reported [3,11], among which aniline as an extraction agent can save 25.46% of
equipment investment and 42.30% of the total cost [11]. Therefore, aniline was selected as
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the extraction agent despite its toxicity. However, rectification column energy consump-
tion is huge, thermodynamic efficiency is low, so more and more experts are committed
to the development of high energy efficiency of the process, in order to reduce energy
consumption and CO; emissions, to help achieve the “dual carbon” goal.

A dividing wall column (DWC) is a special structure of thermocouple distillation [12-14].
Partitions are installed in the column to prevent the back-mixing effect and greatly reduce
energy consumption [14]. In recent years, researchers have focused on the application of
dividing wall column technology in special distillation systems, such as reactive distilla-
tion [15], extractive distillation [16], azeotropic distillation [17] and other new fields, in order
to minimize energy consumption. In this paper, the methanol and DMC azeotrope system
will be separated by the organic fusion of an extractive distillation column and the introduc-
tion technology of the DWC, namely, the extractive dividing wall column (EDWC) [18-23].
Peng et al. [20] studied the separation of pentane mixture by EDWC, the results showed that
the back-mixing could be avoided effectively and the distillation efficiency could be improved
by EDWC. Compared with the conventional process, EDWC could save energy by 18.1%
and reduce the investment in related column equipment. Shen [22] found that the separation
of vinyl acetate-methanol by EDWC could save total energy consumption by 46.8% and
total cost by RMB 11.797 million per year. In this paper, the simulation and optimization
of the conventional extractive process (CEP) and extractive dividing wall column (EDWC)
were carried out by Aspen Plus software. Simultaneously, in order to meet the requirements
of separation, lower energy consumption and investment cost were obtained by using a
univariate analysis of the optimal operating parameters of the EDWC.

2. Method
2.1. Design Method

The conventional extractive distillation process (CEP) generally adopts double column
operation, as shown in Figure 1, including extractive distillation column (EDC) and extrac-
tion agent recovery column (ERC). The extractant is fed from the upper EDC, the methanol
and DMC liquid are fed from the lower part of the EDC. Here, high purity methanol is
obtained at top of the EDC, the bottom of the EDC feeds the extractant and DMC mixture
into the ERC, then high purity DMC is obtained at the top of the EDC and the bottom
receives high purity extractant, which is fed into the EDC for recycling.

4 o
MeOH DMC
e —
Fresh extractant
MeOH+DMC
—
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Circulating extractant

Figure 1. Conventional extractive process.

On the basis of CEP, the performance of EDWC was investigated, whose structure [12]
is shown in Figure 2. A partition is set in the middle of the column, and the whole column
is divided into 5 different zones according to the feeding position of extractant and raw
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material. Zone (I) is the extraction agent recovery section, which mainly realizes the
removal of the extraction agent aniline and obtains high purity methanol products at the
top of the column, which is equivalent to the distillation section above the feeding position
of the extraction agent of the EDC in the CEP. Zone (II) is the distillation section, which
mainly realizes the extraction of DMC from the raw material liquid by the extraction agent
aniline, which is equivalent to the distillation section of the EDC in the CEP between the
extraction agent feeding position and the raw material liquid feeding position. Zone (III)
is the extractive distillation section, which mainly removes a small amount of methanol
and is equivalent to the extractive distillation section of the EDC in the CEP. Zone (IV)
is the side-line distillation section, which mainly achieves the separation of DMC and
the extraction agent aniline, and obtains DMC products with a mass fraction higher than
99.8% at the top, which is equivalent to the distillation section of the ERC in the CEP.
Zone (V) is the extraction and distillation section of the extractant, which mainly realizes
the concentration of the extraction agent aniline. This zone is equivalent to the extraction
and distillation section of the ERC in the CEP. Zones (I), (I), (III) and (V) are called the
main column, and zone (IV) is the attached column.

MeOH

Fresh extractant I
I —|‘ Z | DMC

D ——

MeOH+DMC
1\Y%
111
Vv

Circulating extractant

Figure 2. Extractive dividing wall column structure, (I) the extraction agent recovery section; (II) the
distillation section; (IIT) the extractive distillation section; (IV) the side-line distillation section; (V) the
extraction and distillation section.

2.2. Simulation Conditions

The UNIQUAC thermodynamic model is used in this textual method. The correspond-
ing binary parameters were according to reference [5] and related physical parameters are
shown in Table 1. Process conditions: operating pressure was normal pressure, DMC molar
fraction was 0.154, methanol molar fraction was 0.844, other component is 0.002, which
were from reference [5]; Separation requirements: the quality purity of DMC is not less
than 0.998. The optimal operation parameters of CEP are not described in detail in this
paper, which were obtained by univariate analysis optimization with the objective function
of similar separation requirements of EDWC. When one of the variables is analyzed, the
others are all optimal.
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Table 1. Physical parameters.

Component Boiling Point/°C Mole Composition
Methanol 64.8
DMC 90.1
Aniline 184.4
Methanol-DMC 63.7 (0.86, 0.14)

2.3. Process Modeling

The two-column simulation process of CEP is shown in Figure 3, including the extrac-
tive distillation column (EDC) and extractant recovery column (ERC). Finally, high purity
methanol products were obtained at the top of the EDC column and high purity DMC
products were obtained at the top of the ERC column. At the bottom of the ERC column
was the extraction agent aniline, which was cooled by a heat exchanger and mixed with
fresh extraction agent to enter the EDC for recycling.

ANILINE1

[l

Figure 3. The simulation process of CEP.

The simulation process of methanol and DMC by EDWC is shown in Figure 4, includ-
ing the main column (EDWC1) and the attached column (EDWC2). Finally, high purity
methanol products were obtained at the top of the main column EDWC1, and high purity
DMC products were obtained at the top of the attached column EDWC2. At the bottom of
the attached column, the mixture of aniline and DMC was returned to the main column

(EDWC1) for further separation.

ANILINET

Figure 4. The simulation process of EDWC.
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3. Results and Discussion
3.1. Univariate Analysis

The operation parameters of the column were related to operating cost and equipment
cost. In this section, several important parameters affecting the operation performance of
the EDWC were analyzed, especially the effects on product purity and energy consumption.

3.1.1. Effect of Number of Main Plates

Relative to the CEP, the structure of EDWC is relatively complex with difficult column
internal parts processing and higher installation cost. Therefore, under the premise of
separation conditions and low energy consumption, the number of main plates should be
as few as possible to reduce the equipment investment cost of the EDWC.

As can be seen from Figure 5, the purity of methanol, DMC and solvent aniline all
increased first and then slowly increased with the increase of the number of the main
column, and finally tended to be stable. When the theoretical plate number was 36, the
purity of DMC reached above 0.998, and the energy consumption column was relatively
low. Therefore, the optimal theoretical plate number for the main column was determined
to be 36.
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Figure 5. Effect of number of main plates on product purity and heat duty of reboiler.

3.1.2. Effect of Bottom Stage of the Partition

The biggest difference between EDWC and CEP is the existence of partition in EDWC
to achieve extractive distillation and extraction agent recovery in one column. So, the
position of the partition is very important. The partition plate is a tray extending upward
from the middle of the main column, which divides the column into five different sections.
The number of plates in the extractive distillation section (III) and the side-line distillation
section (IV) can be the same or different. Therefore, the best position of the partition needs
to consider the position of the bottom of the partition, the position of raw material feeding
and the number of attached columns, which will be analyzed one by one.

As can be seen from Figure 6, the purity of DMC decreased slowly with the downward
movement of the bottom position of the partition, while methanol and solvent aniline
both increased first and then decreased slowly. When the bottom position of the partition
was between 27-30 stages, the purity of DMC reached above 0.998, which can meet the
separation requirements. The energy consumption decreased first and then increased with
the position of the bottom of the partition moving down. When the bottom of the position
was located at the 30th stage, the energy consumption of the reboiler reached the lowest.
Therefore, the optimal position of the partition was determined as the 30th stage.
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Figure 6. Effect of bottom stage of the partition on product purity and heat duty of reboiler.

3.1.3. Effect of Raw Material Feed Stage

As can be seen from Figure 7, both methanol and DMC increased first and then slowly
stabilized with the downward movement of the feeding position of raw materials. When
the feeding position of raw materials was greater than 21 stage, DMC purity reached
above 0.998, and solvent aniline was almost not affected by the feeding position of raw
materials. The energy consumption column increased first and then slowly stabilized with
the downward movement of the feeding position. Therefore, the optimal feeding position
of raw material was finally determined as the 21st stage.
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Raw material feed stage
Figure 7. Effect of raw material feed stage on products purity and heat duty of reboiler.

3.1.4. Effect of Number of Attached Plates

It can be seen from the above analysis that the number of theoretical plates of the
attached column needs to be determined in order to accurately determine the location of
the partition.

As can be seen from Figure 8, the purity of methanol, DMC and solvent aniline all
increased first and then slowly stabilized with the increase of theoretical stage number.
When the theoretical stage number was more than 6, the purity of DMC reached above
0.998. The energy consumption increased firstly and then tended to be stable with the
increase of theoretical stage. In order to facilitate processing, the number of theoretical
stages on the left and right sides of the baffle stage was the same. Based on the above, it
can be seen that the number of stages in the extraction section (III) was 9, so the optimal
number of theoretical stages with attached columns was finally determined to be 9.
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Figure 8. Effect of numbers of attached plate on products purity and heat duty of reboiler.

3.1.5. Effect of Distribution Ratio of the Vapor Phase

There is only one reboiler at the bottom of the main column, and the rising steam
provided by the reboiler is distributed to the extraction section (III) and the side-line
distillation section (IV). Whether the distribution is reasonable will affect the vapor-liquid
equilibrium relationship between the two sides of the partition, thus affecting the separation
effect and the energy consumption of the reboiler. Therefore, its distribution needs to be
considered. The gas phase distribution ratio is defined as the ratio of the rising steam in the
extractive section (III) to the total rising steam.

As can be seen from Figure 9, the purity of methanol, DMC and solvent aniline all
increased at first, then slowly stabilized, and finally decreased rapidly with the increase
of the gas phase distribution ratio. When the gas phase distribution ratio was between
0.58 and 0.67, the purity of DMC reached above 0.998. The energy consumption decreased
rapidly with the increase in the gas phase distribution ratio. Therefore, the optimal gas
phase distribution ratio was 0.67.
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Distribution ratio of the vapor phase
Figure 9. Effect of distribution ratio of the vapor phase on product purity and heat duty of reboiler.

3.1.6. Effect of Solvent Ratio

The influence of solvent ratio on product separation effect and energy consumption
of reboiler is shown in Figure 10. Methanol, DMC and solvent aniline all increased first
with the increase of solvent ratio. When the solvent ratio was 0.76, DMC purity reached
the maximum of 0.9982 and then began to decrease. The energy consumption increased
gradually and then decreased with the increase in solvent ratio. Therefore, the optimal
solvent ratio was 0.76.
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3.1.7. Effect of Reflux Ratio

The reflux ratio is an important parameter in the process of a distillation column. Gener-
ally, the higher the reflux ratio is, the better the separation effect will be. However, the higher
the energy consumption will be, so a reasonable reflux ratio should be selected. As can be
seen from Figure 11, the purity of methanol, DMC and solvent aniline all increased with the
increase of reflux ratio, and almost remained unchanged when the reflux ratio was greater
than 0.5, while the energy consumption of the reboiler at the bottom of the column gradually
increased with the increase of reflux ratio. Therefore, the optimal reflux ratio was 0.5.
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Reflux ratio
Figure 11. Effect of reflux ratio on product purity and heat duty of reboiler.

3.2. Profile Analysis

By analyzing the composition distribution and temperature distribution in the column,
the profile analysis of CEP and EDWC was carried out to describe the function of each zone
of the EDWC and analyse the coupling principle of the extractive dividing wall column.

3.2.1. Composition Distribution Analysis

Figure 12 shows the distribution of liquid phase components in the EDC and main
column of EDWC. The liquid phase composition distribution trend was basically the
same, especially between the 2-5 theoretical stages, where the concentration of DMC from
bottom to top reduced rapidly, while the concentration of methanol rose rapidly. These
results illustrated that the azeotropic point of methanol and DMC was destroyed due to
the addition of solvent aniline for both the CEP and EDWC and the relative volatility of
methanol with respect to DMC increased.
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Figure 12. Liquid composition profiles of EDC (a) and main column of EDWC (b).

It is worth noting that the main column of EDWC realized the function of extractive
distillation and extraction solvent recovery in a column because of the existence of the
partition, where zone (IV) was to realize the separation of DMC, and zone (V) was to realize
the separation of solvent aniline. So, the mass fraction of solvent aniline was close to 1
and the mass fraction of methanol and DMC was close to 0 in the EDWC. It is proved that
EDWC can achieve the coupling of extraction and recovery.

Figure 13 shows the composition distribution of the liquid phase in ERC and the
attached column of EDWC. By comparing Figure 13a,b, it was found that the liquid phase
distribution of 1-3 theoretical stages in the ERC was consistent with that in the attached
column of EDWC. The composition of the liquid phase distribution of 4-15 theoretical
stages in ERC was similar to that of solvent recovery section V (30-36 theoretical stages) of
EDWC as shown in Figure 12b, which fully indicates that EDWC has achieved the coupling
of extraction and recovery. Zones IV and V in the EDWC are equivalent to the extractant
recovery column in the CEP.

1.0 = 1.0 >

i —=— MeOH
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Stage Stage

Figure 13. Liquid composition profiles of ERC (a) and attached column of EDWC (b).

It is worth noting, as shown in Figure 14a, that the DMC mass fraction in CEP with the
stage down first increased, and at the bottom of the 31st feed position reached the highest
position, and then reduced rapidly, resulting in the DMC at a relatively low concentration to
further separation. The results indicated that in CEP existed back-mixing. While the mass
fraction of DMC reached the maximum at the bottom of the extraction section (III) of the
main column and then entered the side-line distillation section (IV) and solvent recovery
section (V) to further separate product DMC and solvent aniline, effectively avoiding
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back-mixing and improving the separation efficiency. Therefore, the EDWC is more energy

efficient than the CEP.
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Figure 14. DMC liquid concentration profiles of CEP (a) and EDWC (b).

3.2.2. Temperature Distribution Analysis

Figure 15a,b is the temperature distribution of CEP and EDWC, respectively. The
temperature distribution trend of the EDC in the CEP was basically consistent with that of
the main column I, I and III of the EDWC, indicating that zones I, I and III in the EDWC
are equivalent to the EDC in the CEP. The other temperature distribution trend of the ERC
was similar to the combined temperature distribution trend of the side-line distillation

section (IV) and solvent recovery period (V), further proving that sections IV and V are
equivalent to the ERC in the CEP.
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Figure 15. Temperature profiles of CEP (a) and EDWC (b).

3.3. Comparison and Analysis of Simulation Results

According to the above sensitivity analysis and profile analysis, the optimal operating
parameters of the corresponding column are shown in Table 2. It can be seen that the
number of theoretical states of the EDWC was 36, which was lower than the sum of
theoretical states of the two columns of CEP. At the same time, EDWC has only one
reboiler column, which can save some equipment investment costs. Meanwhile, the energy
consumption of the reboiler in the EDWC was 1236.32 kW, which was 16.09% less than that

of the CEP. The energy consumption of the condenser in the EDWC was 1752.31 kW, which
was 11.85% lower than that of the CEP.



Separations 2022, 9, 189 11 of 12

Table 2. Detailed operating parameters for CEP and EDWC.

CEP EDWC
Parameters
EDC ERC Main Plate  Attached Plate
Plate number 33 15 36 9
Feed position of solvent 5 - 5 -
Feed position of raw material 21 5 21 9
Side-line production position - - 30 -
Solvent ratio 0.76 - 0.76 -
Reflux ratio 0.70 1.30 0.50 1.03
Distribution ratio of the vapor phase - 0.67
Purity of methanol 0.9955 0.9947
Methanol recovery rate 0.9989 0.9991
Purity of DMC 0.9973 0.9982
DMC recovery rate 0.9968 0.9951
Condenser temperature/°C 56.9 88.88 56.90 89.01
Condenser duty /kW —1615.04  —372.82 —1425.67 —326.64
Total duty of condenser/kW —1987.86 —1752.31
Reboiler temperature/°C 148.63 183.83 183.79 -
Reboiler duty/kW 966.68 506.54 1236.32 -
Total duty of reboiler/kW 1473.22 1236.32

4. Conclusions

The conventional extractive distillation process and extractive dividing wall column
of a methanol-DMC binary azeotrope system were compared and analyzed by Aspen Plus
software. The optimal operating parameters of the EDWC were determined by univariate
sensitivity analysis. At the same time, the coupling of extraction and recovery was proved
by profile analysis. Finally, the number of stages in the EDWC was lower than the sum of
the stage required in the CEP, and saved one reboiler, so a certain amount of equipment
investment cost was saved. At the same time, the energy consumption of the reboiler and
condenser in the EDWC can be saved by up to 16.09% and 11.85%, respectively. Therefore,
it is feasible to separate methanol and DMC azeotrope in the EDWC and achieve good
results of saving energy and reducing equipment investment.
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Nomenclature

CEP Conventional extractive process
DMC Dimethyl carbonate

EDWC  Extractive dividing wall column
EDC Extractive distillation column
ERC Extraction agent recovery column
MeOH Methanol
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