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Abstract

:

The selection of entrainers primarily focuses on their ability to alter the relative volatility. However, the impact of feed composition on entrainer selection has often been overlooked. In this study, we conducted two case analyses of the minimum azeotropic mixtures in the ethyl acetate–ethanol and acetone–methanol systems to explore how the feed composition influences the entrainer selection when aiming for maximum economic efficiency. Additionally, the impact of the entrainer type (positive or reverse) on the economic benefits was also investigated. The cases revealed that economic benefits will be notably enhanced when the selected entrainer preferentially targets and removes the low-content component as the light key component. For the two cases studied, when the feed composition was 0.2–0.8, compared to preferentially separating the high-content component, preferentially separating the lower-content component resulted in a reduction in energy consumption by more than 24.14% and 22.72%, respectively. The results show that the ideal entrainer should be capable of converting the higher-content component in the feed into the heavy key component.
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1. Introduction


Distillation is one of the most important separation techniques in chemical engineering. Distillation accomplishes the separation of mixtures by utilizing the differences in relative volatility between the components. The separation of mixtures with close boiling points or azeotropes by conventional distillation becomes difficult or even impossible. Extractive distillation (ED) can be applied to the separation of mixtures that are difficult to achieve by conventional distillation [1]. In ED, the relative volatility between components is increased to different levels by using different entrainers, and the separation and entrainer recovery are achieved by using an extractive distillation column (EDC) and an entrainer recovery column (ERC).



The main driving force of ED relies on the strength of the interactions between the entrainer and each component [2]. The entrainer must be selected to exhibit a strong affinity for one or multiple components, realizing a change in relative volatility. Entrainer screening is one of the important steps in designing ED [3]. The design and optimization of ED is complicated by the fact that the selection of a reasonable entrainer is not only related to the successful separation of azeotropes, but also closely related to the economics and environmental impact of the process [4].



In ED processes, the component removed from the top of the EDC is not always the one with the lowest boiling point [5,6]. The entrainer may reverse the relative volatility of the components in ED, resulting in components with higher boiling points being removed from the top of the EDC due to the strength of interactions between the entrainer and each component [7]. For example, chlorobenzene (CB) and toluene are used as entrainers to separate methanol–acetone, with the high-boiling-point methanol being removed from the top of the EDC, and the low-boiling-point acetone and entrainer being removed from the bottom of the EDC. Other entrainers such as water, N,N-Dimethylformamide (DMF) lead to acetone being removed from the top of the EDC [8]. The impact of feed composition on the distillation sequence in some specific extractive distillation and pressure swing distillation processes has been explored. In the heterogeneous azeotropic distillation case of separating the ethanol–water mixture using cyclohexane as the entrainer, direct introduction into the azeotropic distillation column is advisable when the feed composition is close to the azeotropic point. Conversely, if the feed composition deviates significantly from the azeotropic composition, the process necessitates first directing the feed to a water removal column to obtain a mixture with the composition close to the azeotropic point, before proceeding to the azeotropic distillation column for further separation [9]. Lee et al. [10] investigated the separation of isopropanol (IPA), water, and diisopropyl ether (DIPE) through pressure swing distillation. They suggested that for a feed composition of DIPE/IPA/water = 0.36:0.48:0.16, a sequence of a medium-pressure (MP) column, followed by a low-pressure (LP) column, and then a high-pressure (HP) column should be adopted for optimal separation. Conversely, for a feed composition of DIPE/IPA/water = 0.47:0.44:0.09, a “LP-HP-LP” sequence is more effective. However, there are no systematic studies to show whether the distillation sequence is affected by the feed composition for the ED processes.



There are many studies on entrainer selection [11,12,13]. Among them, the selection of entrainers is mainly based on the ability of different entrainers to change the relative volatility at the same molar ratio of entrainer to feed (E/F). Zhang et al. [14] chose dimethyl sulfoxide, 1,2-propanediol (PG), CB, and p-xylene as the candidate entrainers for separating ethanol and benzene. The x-y diagram of ethanol and benzene was plotted at E/F = 1, and PG and p-xylene were used as the preferred entrainers due to their greater degree of deviation from the diagonal. The changes in the relative volatility of ethanol and benzene were plotted at E/F = 0 to 1.5 in steps of 0.3. When E/F was less than 1.3, PG showed better performance in changing the relative volatility of ethanol and benzene; when E/F was more than 1.3, p-xylene showed better performance. PG was selected as the entrainer and there was no detailed discussion on how to select the entrainer The current selection of entrainers is commonly performed with the E/F at 0.5, 1, and 2, which is usually chosen as an empirical value and not taking into account whether the E/F needs to be adjusted with the feed composition.



In this work, Section 2 presents the conditions and optimization methods used for the design of ED; Section 3 describes the ED process under different light and heavy key components after the addition of different entrainers; Section 4 and Section 5 are two ED case studies, ethyl acetate–ethanol and acetone–methanol, respectively. This work investigated which type of entrainer is more economical for altering or not altering the light and heavy key components, and how to determine a reasonable E/F for screening entrainers, across different feed compositions.




2. Design Basis


2.1. Economic Evaluation


The economic evaluation adopted the minimum total annual cost (TAC) including total equipment cost (TCC) and operating cost (OC) as the optimization objective [15]. The equipment cost only considered the components such as heat exchanger, distillation column, plate, etc.; the operating cost only considered steam consumption. The TAC was calculated as follows:


   TAC = OC +    TCC   OP    



(1)







The OP represented the operating period of the plant, considered to be 3 years, and the annual operating time was calculated as 8000 h. The column internal diameter (ID) was calculated using the Tray Sizing function embedded in the Aspen Plus software, and the plate type used was the sieve plate. The plate spacing was 610 mm according to the default value, and the pressure drop of each theoretical plate was specified as 680 Pa. The heat transfer coefficients (K) were calculated according to 852 W/m2·K (for condenser) and 568 W/m2·K (for the reboiler). The detailed calculation process for the TAC is given in Table S1 of the Supplementary Materials.




2.2. Energy Consumption


Energy consumption is another important measure of the distillation process. Here, the total energy consumption (QTEC) is defined as the sum of the additional energy.


   Q  TEC   =   ∑  i = 1  n    Q  R i      



(2)




where QRi is the reboiler heat duty (kW) and n is the number of reboilers.




2.3. Optimization Process


Determining the type, number, and range of optimized parameters is an important step before optimization begins. The independent and dependent parameters of the distillation process are determined by freedom analysis. Although product purity can be achieved through the design specification of the reflux ratio, sometimes the design specification is affected by the tolerance problems and the calculation of the initial value, causing it to miss the reasonable solution. Therefore, this study did not optimize the reflux ratio through design specifications. The design parameters to be optimized for the ED process included the entrainer flow rate (E), distillate rate (D), theoretical plate number (NT), feed position (NF), and reflux ratio (RR).



Product flow rate is an important optimization parameter, and setting an unreasonable range will greatly affect the optimization speed. The setting range should not exceed the total flow rate of the component in the feed, and at the same time, too low the flow rate will affect the subsequent separation. Taking the A–B system in the ED process as an example, the purity requirements for the two products are xD1 and xD2, respectively. The range for the product rate should satisfy Equations (3) and (4). Table 1 demonstrates the range of optimization parameters and speed in ED.


    Feed  A  −   Feed  B   (  1 −  x   D 2 , B     )  ≤  D 1  ≤     Feed  A     x  D 1 , A      



(3)






    Feed  B  −   Feed  A   (  1 −  x  D 1 , A    )  ≤  D 2  ≤     Feed  B     x  D 2 , B      



(4)







Figure 1 shows the optimization process for each entrainer. The Component Object Model technology facilitated data exchange between Matlab and Aspen Plus. The Particle Swarm Optimization (PSO) algorithm was employed to optimize the parameters of the distillation process in Matlab [16]. The PSO algorithm obtained different particles (representing distillation parameters). Subsequently, duty, ID, and other related parameters were obtained in the Aspen Plus software. These parameters were then returned to Matlab for calculating the TAC and comparison. This information was used to further update all particles until the specified requirements were met, ultimately producing the optimized results. For simulation errors that did not converge or resulted in errors within the Aspen Plus software, they were deemed unfeasible and were assigned a maximum TAC value of 2 × 107 USD/year to ensure they did not affect the output of the optimal result. The positions of the particles were controlled by the following formulas:


   v  i j    (  t + 1  )  = w  v  i j    ( t )  +  c 1   r 1   ( t )   [   p  i j    ( t )  −  x  i j    ( t )   ]  +  c 2   r 2   ( t )   [   p  g j    ( t )  −  x  i j    ( t )   ]   



(5)






  w =  w  max   −   (  w  max   −  w  min   ) ⋅ t    T  max      



(6)






   x  i j    (  t + 1  )  =  x  i j    ( t )  +  v  i j    (  t + 1  )   



(7)







In them, t represents the number of iterations for the population; c1 and c2 are acceleration constants; r1 and r2 are random numbers within the range of [0,1], which increases the randomness of particles; j = 1, 2,..., n; pij represents the position of the particle, while pgj represents the current optimal particle position. The particle velocity, vij, changes as iterations progress and is confined within the range vij∈[−vmax, vmax], where −vmax and vmax are listed in Table 1. The relevant parameters set for the PSO algorithm are shown in Table 2. The sizepop, c1, and c2 were set as 50, 1.4, and 1.4, respectively [17]. w is the inertia weight, it started at 0.9 and linearly decreased with each iteration to 0.4 [18].





3. Conceptual Design


For binary azeotropic systems, especially when the boiling points of the two components are very close (usually not exceeding 10 K), the conversion of light and heavy key components can be achieved by adding controllable entrainers, such as with ethyl acetate–ethanol, ethanol–benzene, and acetone–methanol. Table 3 illustrates the conversion of light and heavy key components for three systems under different entrainers. After the addition of an entrainer, if the low-boiling-point component is removed from the top of the EDC, the entrainer is termed a positive entrainer. Conversely, when the high-boiling-point component is removed from the top of the EDC after the addition of an entrainer, the entrainer is referred to as a reverse entrainer.



For the separation process of non-azeotropic systems containing more than two feed components, the common practice is to remove the component with the largest proportion to reduce the duty of subsequent distillation columns and energy consumption. However, no literature has been found to confirm that this approach is still applicable to ED processes. Thus, it is essential to investigate the impact of feed composition on the of ED separation sequence. Given that positive and reverse entrainers can alter the separation sequence in ED processes, understanding the potential influence of feed composition on entrainer selection is particularly crucial.



Figure 2 illustrates the sequences of extractive distillation using positive and reverse entrainers. Fresh feed and the positive entrainer enter the EDC at different trays, obtaining high-purity product A at the top of the EDC. The mixture of the entrainer and B is removed from the bottom of the EDC, and high-purity product B and the entrainer are separately withdrawn from the top and bottom of the ERC, respectively. The entrainer is cooled, and then returns to the EDC. For the ED process utilizing a reverse entrainer, there is an exchange in the positions for obtaining products A and B. Product B is removed in the EDC, while product A is withdrawn in the ERC.



This study selected the ethyl acetate–ethanol system as the object of study and investigated the economy and energy consumption of the ED process for five different feed compositions with positive and reverse entrainers, respectively. It provides insights into selecting suitable entrainers based on the feed composition, particularly when there are significant differences in the contents of various components. Additionally, this study found that the E/F is influenced by the feed composition, shedding light on how entrainer selection may be affected. Furthermore, the universality of the patterns observed was validated through the acetone–methanol system.




4. Case Study 1: Ethyl Acetate–Ethanol


Ethyl acetate–ethanol is a common alcohol–ester azeotropic system found in many industrial production processes, such as esterification [19]. In an ethyl acetate–ethanol system, the boiling points of ethyl acetate and ethanol are 350.35 K and 351.46 K, respectively. Due to the existence of an azeotropic point [azeotropic temperature = 344.96 K, and the azeotropic composition is ethyl acetate/ethanol = 0.5530:0.4470 (mole fraction) at 1 atm], conventional distillation cannot achieve high-purity separation. The separation of alcohol–ester compounds is commonly achieved through ED.



4.1. Selection of Thermodynamic Model and Entrainer


Four entrainers, namely PG, methyl isobutyl ketone (MIK), furfural, and EG, were chosen based on the previous literature [20,21,22,23]. Zhang et al. [14] evaluated the deviation between vapor–liquid phase equilibrium data and the data calculated by the Wilson, NRTL, and UNIQUAC models in Aspen Plus software. Among these models, the UNIQUAC model exhibited the smallest deviation. Therefore, the UNIQUAC model was chosen to predict the vapor–liquid phase equilibrium behavior of the ethyl acetate–ethanol in this study. The binary interaction parameters of the UNIQUAC model used in this process were sourced from the Aspen Plus software, as shown in Table 4.



Figure 3 illustrates the x-y diagrams for the ethyl acetate–ethanol with E/F = 4 under the different entrainers. The four entrainers effectively alter the relative volatility of the azeotropic system. When PG and EG are used as the entrainer, ethyl acetate is removed as the light key component from the top of the EDC, defining them as positive entrainers. Conversely, when MIK and furfural are used as the entrainer, causing the removal of ethanol as the light key component from the top of the EDC, they are classified as reverse entrainers. In terms of their ability to alter relative volatility, EG demonstrates a superior effect among the positive entrainers compared to PG. Among the reverse entrainers, furfural shows a greater effect than MIK. Some literature indicates that the effectiveness of entrainers is influenced by multiple factors such as the relative volatility of components and entrainers. This study further investigated the ED process with the four entrainers using the TAC as the optimization goal to select economically optimal entrainers and explore the impact of feed compositions on positive and reverse entrainer choices.



The total feed flow rate was set at 500 kmol/h, with a molar feed ratio of 0.5:0.5 for ethyl acetate and ethanol. The product purity requirement for ethyl acetate and ethanol was set at no less than 99.5 mol%, and the entrainer recovery purity was required to be not less than 99.99 mol%.




4.2. Optimization Results


Table 5 presents the optimization results for the ED process using four different entrainers. The most optimal positive entrainer was found to be EG, with a TAC of 13.10 × 105 USD/year. The best reverse entrainer was furfural, with a TAC of 13.95 × 105 USD/year. The TAC values of these two types of entrainers were quite similar. PG and MIK exhibited comparable abilities to alter the relative volatility. However, there was a significant difference in their TAC values. This difference could potentially be due to the impact of the recovery section. When EG is employed as the entrainer, the function of the ERC is to separate ethanol–EG, with an average relative volatility of 128.36. When furfural is used as the entrainer, the main function of the ERC is to separate ethyl acetate–furfural, with an average relative volatility of 15.6. Despite the considerable difference in relative volatility values, after a relative volatility exceeds 4, its influence on the economic performance of the distillation process is not significant [24].



The positive entrainer EG and reverse entrainer furfural were chosen to explore the relationship between the distillation sequence (influenced by the entrainer type) and the proportions in the feed compositions. Five different feed compositions were arranged with the proportion of the low-boiling-point component in the feed ranging from low to high (0.2–0.8, 0.4–0.6, 0.5–0.5, 0.6–0.4, 0.8–0.2). The total feed flow rate and product purity requirements remained consistent with the settings during entrainer selection.



The best optimization results for ten schemes were obtained, as depicted in Table 6. Figure 4 better illustrates the economic trend of the ED schemes with varying proportions of low-boiling-point ethyl acetate in the feed, under different entrainers. It is evident that when EG is used as the entrainer, the TAC required for the separation process increases as the proportion of the light key component, ethyl acetate, in the feed increases. Conversely, when furfural is employed as the entrainer, the TAC decreases as the proportion of the heavy key component, ethyl acetate, in the feed increases. Prioritizing the removal of components with lower proportions in the feed demonstrates superior economic performance. This superiority becomes more pronounced with an increase in the disparity between the light and heavy key components. For instance, in the 0.2–0.8 feed composition, the TAC difference between preferentially removing components with lower and higher proportions reached 36.09%. Choosing components with smaller proportions for removing in the ED process will yield enhanced economic efficiency.



Figure 5 presents the energy consumption of the EDC, the ERC, and the total energy consumption when EG and furfural are used as entrainers to separate ethyl acetate and ethanol at different feed compositions. When EG is used as the entrainer, the energy consumption of the EDC gradually increases, while the energy consumption of the ERC decreases, resulting in a gradual increase in the total energy consumption with an increase in ethyl acetate content. Conversely, when furfural is the entrainer, an increase in the ethyl acetate content leads to a reduction in the energy consumption of the EDC, while the energy consumption of the ERC gradually increases, resulting in a reduction in the total energy consumption of the distillation column. When the feed composition of ethyl acetate and ethanol was at 0.2–0.8, prioritizing the removal of ethyl acetate showed a minimal difference in energy consumption between the EDC and the ERC. However, as the ethyl acetate content in the feed increased, the difference in energy consumption between the EDC and the ERC reached 2200.37 kW. Similarly, when furfural was used as the entrainer, an increase in the priority of removing ethanol led to a gradual increase in the difference in energy consumption between the EDC and the ERC. Additionally, prioritizing removing component with lower content can reduce the difference in the ID between the EDC and the ERC, providing a foundation for further coupling.




4.3. Analysis of Column Composition


The E/F needed increased with the rise in the content of light key components in the feed composition, as shown in Figure 6. When EG was the entrainer, ethyl acetate was the key light component; when furfural was the entrainer, ethanol became the key light component. When the light key component content was at 0.2, the E/F for EG and furfural, used as entrainers, were 1.89 and 1.95, respectively. When the light key component content reached 0.8, the E/F for EG and furfural were 4.01 and 4.17. Therefore, one of the reasons for the disparity in energy consumption between the EDC and the ERC, which is due to the changing feed composition, is the varying E/F.



When two different entrainers modify the relative volatility of the azeotropic system at different proportions, one should give preference to the entrainer showing better relative volatility performance under a higher E/F when the light key component content is higher. Conversely, if the light key component content is lower, the choice should prioritize an entrainer showing better relative volatility performance under a lower E/F. Therefore, when selecting entrainers for binary azeotropes, the content of light key components in the feed composition can provide ideas for the selection of E/F during the initial screening of entrainers.



Figure 7 illustrates the composition distribution within the columns during the ED process with EG as the entrainer. The EDC can be divided into the rectification section, extractive section, and stripping section. The primary function of the extractive section of the EDC is to separate ethyl acetate and ethanol. The extractive section is divided into the upper end of the extractive section (EUS) and the lower end of the extractive section (ELS) by the feed position. The feed significantly increases the mass flow rate of components, except for the entrainer in the ELS, thereby resulting in a lower concentration of the entrainer compared to the EUS. The EUS is primarily responsible for separating ethyl acetate and ethanol under high entrainer concentration, while the ELS achieves the removal of ethyl acetate and ethanol under low entrainer concentration. Therefore, ensuring a longer EUS is more economical. However, as the light key component increases, the EUS gradually shortens, and the ELS lengthens, leading to an overall increase in separation difficulty. Using the results for 0.2–0.8 feed composition as an example, the ratios of feed position to total theoretical plate number for the positive and reverse entrainers were 30/59 and 50/67, respectively, which also align with the aforementioned analysis.



The rectification section mainly works to separate the entrainer and light key component ethyl acetate. With an increase in the content of light key components in the feed, the theoretical plate number in the rectification section of the EDC increases. When the light key component content in the feed reached 0.8, the backmixing occurred at the top section of the EDC. This issue arises from the decreasing EG content at the upper end of the column, which causes the relative volatility of ethyl acetate and ethanol to be approximately between 0.4 and 0.5. Consequently, the increasing ethanol content leads to backmixing issues.



The increase in the light key component resulted in an increased entrainer dosage, leading to a decrease in the RR, and the overhead vapor increased. This implies that under the same conditions, the low-temperature steam requirement for the reboiler increases, and the boilup rate also causes an increase in the ID. This is why the load on the EDC demonstrates an upward trend with the increasing content of light key components in the feed.





5. Case Study 2: Acetone–Methanol


From the case study of ethyl acetate–ethanol, it was discovered that introducing specific entrainers is more economically advantageous for removing the feed component with lower content as the light key component. To validate its universality, another common binary system, acetone and methanol, was chosen. The boiling points of acetone and methanol are 329.28 K and 337.85 K, respectively. Acetone and methanol have an azeotropic point [azeotropic temperature = 328.39 K and azeotropic composition is acetone/methanol = 0.7777:0.2223 (mole fraction) at 1 atm].



5.1. Selection of Thermodynamic Model and Entrainer


Water, CB, toluene, and DMF were chosen as effective candidate entrainers [25,26,27,28,29]. The NRTL model was employed to predict the vapor–liquid equilibrium behavior of the acetone–methanol–entrainer systems [30]. The binary interaction parameters for the NRTL model used in this process were sourced from the Aspen Plus software, as shown in Table 7.



Figure 8a displays the x-y diagrams for acetone–methanol under the same E/F. Water and DMF are positive entrainers. Water more effectively alters the relative volatility of acetone–methanol. Toluene and CB are reverse entrainers. CB more effectively alters the relative volatility of acetone–methanol and results in a higher relative volatility between acetone and CB during recovery, as Figure 8b shows. Therefore, water and CB were selected as the positive and reverse entrainers, respectively, to separate the acetone and methanol. This study explored the ED process with five different feed compositions, similar to the ethyl acetate and ethanol case.




5.2. Optimization Results


Figure 9 presents the TAC values for the optimal distillation schemes of water and CB as entrainers under different feed compositions. It is evident that, similarly to Case Study 1, first separating the low-content component in the feed as the light key component can reduce the TAC.



Figure 10 illustrates the energy consumption of each distillation column and the total energy consumption separating acetone and methanol using CB and water as entrainers under different feed compositions. With water as the entrainer, the EDC energy consumption gradually rose as the light key component acetone content increased, while the ERC energy consumption decreased, causing an upward trend in the total energy consumption. When the feed composition of acetone and methanol was 0.2–0.8, prioritizing the removal of acetone showed energy consumption rates for the EDC and the ERC that were very close. As the acetone content increased in the feed composition, the energy consumption difference between the EDC and the ERC could reach a maximum of 1822.90 kW.




5.3. Analysis of Column Composition


When the light key component content was 0.2, the E/F for CB and water as entrainers were 1.76 and 1.3, respectively; when the light key component content was 0.8, the E/F for CB and water as entrainers were 2.16 and 2.24, respectively, as shown in Figure 11. As the light key component content increased, the E/F also increased. Therefore, it is advisable to preferentially remove the component present in lower quantities in the feed, a conclusion similar to that drawn in Case Study 1. Similarly, the difference in the ID of the EDC and the ERC decreases with the decrease in the light key component content. When the ability of the two entrainers to alter the relative volatility of the azeotropic system varies with E/F, if the content of the light key component is higher than the heavy, the entrainer that performs better at higher E/F should be selected. Conversely, the entrainer should be prioritized for changes in relative volatility under lower E/F for lower light key component contents. Therefore, the entrainer selection for binary azeotropes should consider the light key component content in the feed.



Shen et al.’s research [24] indicates that the introduction of an entrainer significantly enhances the separation efficiency when the relative volatility’s value is between 2 and 4. However, when the relative volatility surpasses 4, the augmented mass of entrainer escalates the duty of the column, mandating an enlargement of the distillation column’s ID and operational costs. In our case studies (ethyl acetate–ethanol and acetone–toluene), the optimal solvent ratio resulted in an average relative volatility close to the range of 2 to 4.



Building upon Shen et al.’s conclusion and our case analysis, we propose a strategy for selecting the entrainer, depicted in Figure 12a–c. Entrainer 1 demonstrates a stronger capability to alter relative volatility at lower E/F, whereas entrainer 2 is more effective at higher E/F. The strategy is as follows: when the average relative volatility is equivalent and the corresponding value of average relative volatility is less than 2, entrainer 2 should be selected, as shown in Figure 12a; conversely, if the equivalent value exceeds 4, entrainer 1 should be selected, as in Figure 12c; if the equivalent value lies between 2 and 4, further optimization calculations are required to make the selection, as illustrated in Figure 12b.



With water as the entrainer, the compositions of the EDC and the ERC were plotted as ternary diagrams, as shown in Figure 13. Similar to the results of separating ethyl acetate and ethanol systems using EG as the entrainer, as the content of the light key component acetone increased in the feed, the light key component content increased on the theoretical plates dividing the EUS and ELS. Simultaneously, the change in heavy key component content that EUS occupies increased, while the change in the range of heavy key components that ELS occupies decreased. When the reverse entrainer was CB, the same phenomenon was observed.





6. Conclusions


This work conducted case studies on the extractive distillation separation of ethyl acetate–ethanol and acetone–methanol under various feed compositions. It was demonstrated that the type of entrainer (positive or reverse) should be regulated to achieve preferential separation of the lower-content component in the feed. Take the feed composition of 0.2–0.8 as an example: the case study of ethyl acetate–ethanol demonstrated that, compared to prioritizing the separation of ethanol with furfural as the entrainer, employing EG to preferentially separate ethyl acetate reduced the TAC and energy consumption by 36.09% and 24.14%, respectively; in the case study of acetone–methanol, using water as the entrainer to preferentially separate acetone resulted in reductions in the TAC and energy consumption by 30.86% and 22.72%, respectively, compared to using CB to prioritize the separation of methanol.



Furthermore, it is noteworthy that the optimal vapor and liquid loads may vary significantly with the feed composition. For instance, as the acetone content in the feed increased from 0.2 to 0.8, the optimized ID of the extractive distillation column expanded from 0.79 m to 1.27 m. Consequently, for actual production (the ID of columns is fixed), if the feed source is not fixed and the feed composition changes significantly, there is a high demand for operational flexibility of columns. This necessitates the use of plates with superior performance in terms of weeping and entrainment compared to the sieve plates employed in this work.



The optimization results revealed that with an increase in the content of the light key component, the E/F correspondingly ascends. Additionally, it was discovered that when the feed contains a lower concentration of the light key component, it is advisable to prioritize selecting an entrainer that is more effective at altering the relative volatility of the azeotropic mixture at lower E/F.



It is worth noting that the subjects of this study were all minimum azeotropic mixtures, and further investigation is needed to determine the applicability for maximum azeotropic mixtures.
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Figure 1. Process optimization framework. 






Figure 1. Process optimization framework.
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Figure 2. The conceptual diagrams of ED with different entrainers: (a) positive entrainer; (b) reverse entrainer. 
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Figure 3. x-y (mole fraction in the liquid and vapor phases under vapor–liquid equilibrium state, respectively) diagram of ethyl acetate–ethanol system with different entrainers. 
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Figure 4. Optimization results of ED under different feed compositions. 
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Figure 5. Energy consumption of ED process under different feed compositions: (a) EG; (b) furfural. 
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Figure 6. Relationship between feed composition and E/F for Case Study 1. 
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Figure 7. Composition distribution within the column of extractive distillation schemes using EG as the entrainer for separating ethyl acetate–ethanol, with the feed composition being (a) 0.2–0.8; (b) 0.4–0.6; (c) 0.5–0.5; (d) 0.6–0.4; (e) 0.8–0.2; (f) 0.8–0.2 in the range of 0.92–1. 
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Figure 8. (a) x-y diagram of acetone–methanol within entrainers; (b) x-y diagram of acetone–entrainer. 
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Figure 9. Comparison of TAC under different feed compositions. 
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Figure 10. Energy consumption under different feed compositions: (a)water; (b) CB. 
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Figure 11. Relationship between feed composition and E/F for Case Study 2. 
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Figure 12. Changes in average relative volatility (ᾱ) of azeotropes with varying E/F for different entrainer types; categorized by the transition point’s ᾱ value: (a) ᾱ ≤ 2; (b) 2 < ᾱ ≤ 4; (c) 4 < ᾱ. 
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Figure 13. Composition distribution within the column of extractive distillation schemes using water as the entrainer for separating acetone–methanol, with the feed composition being (a) 0.2–0.8; (b) 0.4–0.6; (c) 0.5–0.5; (d) 0.6–0.4; (e) 0.8–0.2; (f) 0.8–0.2 in the range of 0.98–1. 
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Table 1. Optimization parameter range and speed in ED.
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Entrainer Type

	
Parameter

	
Parameter Range

	
Particle Velocity (v)




	
Upper Limit

	
Lower Limit

	
Upper Limit (vmax)

	
Lower Limit (−vmax)






	

	
E (kmol/h)

	
500

	
20

	
50

	
−50




	

	
NT1

	
100

	
15

	
5

	
−5




	

	
NEF

	
100

	
2

	
5

	
−5




	

	
NF1

	
100

	
2

	
5

	
−5




	

	
NT2

	
100

	
5

	
5

	
−5




	

	
NF2

	
100

	
2

	
5

	
−5




	
Positive entrainer

	
D1 (kmol/h)

	
FeedA/xD1,A

	
FeedA − FeedB(1 − xD2,B)

	
0.1

	
−0.1




	
D2 (kmol/h)

	
FeedB/xD2,B

	
FeedB − FeedA(1 − xD1,A)

	
0.1

	
−0.1




	
Reverse entrainer

	
D1 (kmol/h)

	
FeedB/xD1,B

	
FeedB − FeedA(1 − xD2,A)

	
0.1

	
−0.1




	
D2 (kmol/h)

	
FeedA/xD2,A

	
FeedA − FeedB(1 − xD1,B)

	
0.1

	
−0.1




	

	
RR1

	
50

	
0.001

	
3

	
−3




	

	
RR2

	
50

	
0.001

	
3

	
−3








Note: FeedA represents the feed rate of component A; FeedB represents the feed rate of component B. xD1,A is used to denote the mole fraction of component A in the overhead stream of the first distillation column; xD2,B is used to denote the mole fraction of component B in the overhead stream of the second distillation column.













 





Table 2. Relevant parameters of PSO algorithm.
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	Number of Particles
	Sizepop
	wini
	wend
	c1
	c2





	300
	50
	0.9
	0.4
	1.4
	1.4










 





Table 3. Conversion of light and heavy key components under different entrainers.
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System

	
Entrainer

	
Light Key Component

	
Heavy Key Component






	
Ethyl acetate (350.21 K)–ethanol (351.44 K)

	
Ethylene glycol (EG)

	
Ethyl acetate

	
Ethanol




	
Furfural

	
Ethanol

	
Ethyl acetate




	
Ethanol (351.44 K)–benzene (353.24 K)

	
CB

	
Ethanol

	
Benzene




	
PG

	
Benzene

	
Ethanol




	
Acetone (329.29 K)–methanol (337.68 K)

	
Water

	
Acetone

	
Methanol




	
CB

	
Methanol

	
Acetone











 





Table 4. Binary interaction parameters of ethyl acetate–ethanol–entrainer.
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	Component i
	Component j
	aij
	aji
	bij/K
	bji/K
	cij





	Ethyl acetate
	Ethanol
	−0.2733
	0.6541
	−159.1655
	−155.2346
	0



	Ethanol
	PG
	1.6544
	−0.9646
	−479.2631
	82.541
	0



	Ethyl acetate
	PG
	0.5152
	0.0409
	−378.6953
	−26.7131
	0



	Ethanol
	MIK
	0
	0
	152.82
	−363.7095
	0



	Ethyl acetate
	MIK
	0
	0
	−443.6452
	241.6555
	0



	Ethanol
	Furfural
	0
	0
	76.7492
	−309.5652
	0



	Ethyl acetate
	Furfural
	0
	0
	−342.1748
	193.6552
	0



	Ethanol
	EG
	−8.2308
	2.6876
	2632.9255
	−959.5647
	0



	Ethyl acetate
	EG
	5.2798
	−4.7319
	−2215.4663
	1628.6154
	0










 





Table 5. Optimization results for extractive distillation separation of ethyl acetate and ethanol with a feed composition of 0.5–0.5 using different entrainers.
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	Entrainer
	TAC (105 USD/year)





	PG
	19.67



	EG
	13.10



	Furfural
	13.95



	MIK
	25.59










 





Table 6. Optimization results of ED under different feed compositions.
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Feed Composition

(Ethyl Acetate–Ethanol)

	
TAC/(105 USD/y)

	
TAC Saving

/(105 USD/y)

	
Relative TAC Saving

/%




	
Positive Entrainer

(EG)

	
Reverse Entrainer

(Furfural)






	
0.2–0.8

	
11.70

	
15.92

	
4.22

	
36.09




	
0.4–0.6

	
12.60

	
14.53

	
1.93

	
15.35




	
0.5–0.5

	
13.10

	
13.95

	
0.84

	
6.43




	
0.6–0.4

	
14.48

	
13.33

	
−1.15

	
−7.95




	
0.8–0.2

	
15.23

	
11.70

	
−3.52

	
−23.14











 





Table 7. Binary interaction parameters of acetone–methanol–entrainer.
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	Component i
	Component j
	aij
	aji
	bij/K
	bji/K
	cij





	acetone
	methanol
	0
	0
	101.8859
	114.1347
	0.3



	acetone
	water
	6.3981
	0.0544
	−1808.991
	419.9716
	0.3



	methanol
	water
	−0.693
	2.7322
	172.9871
	−617.2687
	0.3



	acetone
	CB
	7.1096
	−6.4924
	−2221.6992
	2172.9419
	0.3



	methanol
	CB
	1.9141
	−2.7734
	−415.8773
	1535.1284
	0.3



	acetone
	toluene
	1.2032
	−1.2846
	−400.547
	630.0969
	0.3



	methanol
	toluene
	0
	0
	371.0837
	446.8746
	0.3



	acetone
	DMF
	0
	0
	120.6035
	−59.8053
	0.3



	methanol
	DMF
	−0.501
	−0.8325
	712.2657
	−208.2091
	0.3
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