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[bookmark: _Hlk114823190][bookmark: OLE_LINK44][bookmark: OLE_LINK18]Abstract: The multiplicity of matching between reaction and separation for reactive distillation (RD) process leads to a more complex design of RD column, however, the exploration of coupling problem between reaction and separation for the design of reaction section in the RD column is still a blank of RD research. In this article, a design framework for the reaction section in the RD column based on the reaction equilibrium degree (RED) is demonstrated. The interaction relationship between residence degree and separation efficiency of reaction section is established by means of spline interpolation method. Herein, the synthesis of malonic acid (MA) from dimethyl malonate (DM) hydrolysis, as a case study, was investigated to obtain coupling regularities of reaction and separation for specified design targets and further design the reaction section of RD column from principle. The results validated the effectiveness of the proposed framework and provided theoretical guidance for challenging RD process.
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1 | INTRODUCTION
Process intensification1,2 (PI) is one of the most promising development approaches in the chemical industry. Reactive distillation (RD), integrating the functionality of chemical reaction and distillation separation in one column, is a typical PI technique with many advantages, i.e., reduced energy consumption and cost, breaking the chemical equilibrium limit, and simplifying processes3-7. RD processes have been used for more than 30 years8, mainly methyl tert-butyl ether, ethyl tert-butyl ether and tert-amyl methyl ether9 and methyl acetate10 processes. This technology has great potential for process modularization that is a better alternative to the conventional reaction followed by separation processes.  
[bookmark: OLE_LINK26]As a typical PI technology without widespread commercialization, best practices for the design of reaction section in the large-scale RD column have yet to be developed. Because the strong coupling between chemical reaction and distillation separation in a RD column could produce abnormal results 11-13. Many scholars have mainly focused on two aspects for RD design methods: graphical/topological methods8,14-16 for conceptual design and theoretical studies of RD process based on reaction and separation characteristics combined with constraint equations, and advanced optimization-based algorithms17-21 for process optimization. In their approaches, there are various outputs of feasibility assessment and operation parameters for the RD process. Although the optimality conditions of RD process can be obtained via multiple evolutions, none of these provide approaches are perfect for investigating how the reaction and separation match in the reaction section of RD column when the other process parameters have been determined. Because the multiplicity of design parameters always exists in the RD process. That is, the same target may result from more than one set of parameters. Different coupling forms will lead to the difference in the performance and cost of the RD column. Likewise, the parameter coupling of reaction and separation in the RD column has also an infinite number of options to consider. The improper design may cause the waste of equipment increasing the investment cost. Therefore, the investigation of the coupling principle between reaction and separation are necessary to determine optimal values of critical design parameters in RD column, which will further directly affect the design of the catalytic packing internal in the reaction section, including that catalyst loading and separation zone.
Usually, the residence time closely related to amount of catalyst22 and theoretical stages of reaction section in the RD column are key parameters of the reaction and separation, which will affect the RD performance. Fewer theoretical stages of reaction section need higher residence time, i.e., large catalyst requirements and large holdups. This means that RD column operates near chemical equilibrium, which is undesirable23. Some scholars24-26 have been reported the effect of uneven residence time or catalyst on the RD performance and reboiler duty. These only take into account the parameters associated with the reaction, ignoring the matching with the separation. There are also researchers to determine the residence degree and separation efficiency of reaction section by optimize algorithms or sensitivity analysis sensitivity analysis5. Nevertheless, these parameters are obtained with single mathematical method by external simulations. The coupling mechanism and regularity between reaction and separation in the RD process are yet unclear. It is disadvantaged for providing the design direction of reaction section from the theoretical system. As a result, the exploration of coupling problem between reaction and separation for the design of reaction section in the RD column is still a blank of RD research. This is also a key problem that restricts the development of RD technology: how could anyone match reaction and separation to achieve the design of reaction section in the RD column from the principle? That is, how to design the catalytic packing internal involving the two zones of reaction and separation. What is the RD performance of the different matching forms? 
[bookmark: OLE_LINK15][bookmark: _Hlk115983759][bookmark: OLE_LINK45]This work proposes an appropriate framework for matching of reaction and separation of reaction section in the RD column, which combines theoretical advantage of reaction equilibrium degree (RED) and the efficient advantage of mathematical relations. First of all, a constrained enumeration method is proposed to provide the coupling regularity of reaction and separation process. Subsequently, the RED in RD column and interaction relationship between the residence degree and separation efficiency of reaction section are established with the empirical correlation equations and spline method, respectively. Furthermore, the RED is used for assessing the range of design parameters via step-by step procedure to get optimal matching conditions. Herein, the synthesis of malonic acid (MA) from the hydrolysis system of dimethyl malonate (DM) is chosen as a case study with the objective function of the economic minimum.
2 | DESIGN FRAMEWORK
The framework for the design of reaction section in the RD column based theoretical and mathematical advantages is presented in Figure 1. The entire design process is decomposed into a five-step approach. All study processes in this framework are preformed using tools (Aspen Plus® and MATLAB). The feature of this framework is that the coupling design of reaction and separation of reaction section in the RD column from principle can be realized, instead of generating operation parameters according to sequential iterations and stochastic optimization algorithms which greatly saves the computational cost and efficiency. A detailed introduction for the individual steps of the framework is provided as follow section. 
[image: ]
[bookmark: OLE_LINK13]FIGURE 1 Integrated design framework for the reaction section in the RD column.
2.1 | Step1: Build model of the RD process
The correct choice of thermodynamic and kinetic model is the basis for reliable simulation results to develop a deep understanding of effective RD column design. In this work, the steady-state simulation for the RD process is performed with the rigorous RADFRAC model27 and equilibrium stage model in Aspen Plus®. The basic assumptions are as follows: (1) The vapor phase and liquid phase leaving each stage are in phase equilibrium. (2) The vapor and liquid phases at each stage are completely mixed, and the temperature and composition distribution are uniform. The equations describing the equilibrium stage model are referred to as MESHR equations, including material balance (M), phase equilibrium (E), summation equation (S), heat balance (H) and reaction kinetic equation (R). The details are shown in Equations (1-5). The single equilibrium stage of reaction section in RD column is shown in Figure 2.
Material balance (M):
		(1)
where   is the order number of a stage, is the hold-up on stage ,  and  are the liquid and vapor flow rates on stage ,  is the reactive volume on the stage,  is the molar reaction rate of component i on stage j,
Phase equilibrium (E):
		(2)
where,  and  are the liquid and vapor compositions of component i on stage j.  is the vapor-liquid equilibrium constant of component i on stage j.
[bookmark: OLE_LINK10]Summation equation (S):
		(3)
Heat balance (H):
		(4)
where,  is the specific enthalpies on stage j.
Reaction kinetic equation (R):
		(5)
where,  is the reaction rate on stage j,  is the stoichiometric coefficient of the kth reaction,  are theoretical stages of reaction section.
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FIGURE 2 Single equilibrium stage of reaction section in RD column.
2.2 | Step2: Screening reasonable solution set for design parameters (specified product target)
The contribution of this step is to screen reasonable solution set for design parameters (residence time and theoretical stages of reaction section) of reaction section in RD column under specified design targets (product yield and purity). The MATLAB programming is used to assist Aspen Plus®. The convergent algorithm can be briefly illustrated in Figure 3, which is used for the constrained enumeration to obtain solution set. There are two-level loops. The inner loop conducts a calculation to obtain the residence time corresponding to the current theoretical stages of reaction section. When the condition is not satisfied, the next step starts in the inner loop until the target is met. If the simulation continues to be unsatisfactory over a wide range, the calculation terminates, meaning that there are no reasonable design parameters meeting the product target under current theoretical stages of reaction section. Then, the programming will enter the external loop to calculate the residence time corresponding to the next theoretical stages of reaction section. 
[image: ]
FIGURE 3 The convergent algorithm for screening solution set of design parameters.
2.3 | Step3: The establishment of RED and interaction relationship between the residence degree and separation efficiency of reaction section
[bookmark: OLE_LINK50]In this step, the reaction state distribution in RD column under the design parameters in section 2.2 is analyzed from the principle of influencing the reaction and separation, relating to the temperature, composition profile, and reaction rate on each stage. The corresponding RED in RD column and interaction relationship between the residence degree and separation efficiency of reaction section were established subsequently.
For reversible reactions, the equilibrium constant that can determine the maximum extent of the reaction always exists. In the RD process, the separation capacity of distillation column is used to break the chemical equilibrium so that the reaction makes a shift toward the direction of product formation. In this work, the concentration quotient, the ratio of products to reactants, is proposed to evaluate the reaction extent that is affected by the composition of each stage of reaction section. When the difference between the concentration quotient and the equilibrium constant at current temperature is larger, indicating that the reaction is farther from the equilibrium state. Thus, the RED was introduced into the reaction system in order to intuitively observe the reaction state distribution in the RD column, as shown in Equation (6).
		(6)
where  is the concentration quotient of reaction.  are the reaction equilibrium constant.
The RED in each stage of reaction section is provided for accurately and quickly the reaction state distribution and a preliminary evaluation on the design of reaction section. It’s necessary to establish a corresponding relation of RED involving with theoretical stages of reaction section. Considering the characteristics of the graphical curve, the combination of the power function and inverse tangent function is chosen as the fitting function. The RED of reaction system obtained via mathematical relation is validated with the Aspen Plus® data. 
The theoretical stages of the reaction section and residence time, namely residence degree and separation efficiency, are important parameters to measure the cost of RD column, which can provide significant scientific bases for further design of RD column. The traditional algorithm for residence time obtained is described in Section 2.2. Note that this algorithm takes a longer time. In order to meet the requirements of rapid design of RD column, it is possible to interpolate quickly for matching theoretical stages of reaction section with the residence time by means of some simulated data. The interpolation method is to interpolate the scattered points in the same space coordinate system into regular grid to create a fitting surface. The commonly used interpolation methods are linear, cubic and spline. The reasonable selection of the above interpolation method is based on the minimum residual value. The MATLAB interpolation function fitting can avoid the loop iteration of the solution process between Aspen Plus® and MATLAB, greatly improving the calculation efficiency. Simultaneously, this method also has good extrapolation ability. Different interaction relationships (different product yield) can be obtained by nonlinear fitting from interpolated surface. Furthermore, the obtained design parameters from the interaction relationships between the residence degree and separation efficiency of reaction section are input into Aspen Plus® to verify the accuracy of formula via observing the difference in mathematical relation and Aspen Plus® data.
2.4 | Step4: Determine the range of design parameters and finally design selection
Coupling regularities of the reaction and separation via the framework developed are further used for this work, and the design of reaction section in RD column is achieved from the principle. Total annual cost (TAC) evaluation5, based on fixed yield and purity of the product, is employed as an economic indicator to determine the optimal relationship between the residence time and theoretical stages of reaction section. The cost equations for TAC analysis are employed as shown in the following Equation (7). The relationship between residence time and catalyst mass is shown in Equation (S1)7,28.
		(7)
Detailed cost calculations are presented in Supporting information (Table S1).
Based on the mathematical relations in the step3 and the TAC evaluation, the step-by step procedure is used to determine the range of design parameters. The detailed application is presented in Figure 4. The range of RED is between 0 and 1. And close to 0 and close to 1 are unfavorable to the cost because there are more column cost and catalyst cost. Thus, the median value of RED is taken as the initial value, and the step size is 0.1. The corresponding theoretical stages of reaction section is obtained from the RED, and the corresponding TAC is calculated. Until it is found that the middle TAC is smaller than others or two of them are equal, the range of theoretical stages of reaction section where the optimal conditions are located can be output. Next, only the cost within the range is calculated to obtain the final design choice. The design result of the reaction section in the RD column is the design parameters with the minimum TAC. By now the matching of reaction and separation for RD process has been completed.
[image: ]
FIGURE 4 The application of coupling regularities between the reaction and separation.
3 | APPLICATION EXAMPLE-CASE STUDY
In this section, a case was used to validate effectiveness of the proposed design framework for the reaction section in the RD column. Next, the detailed application and results of the framework are given for case study. 
3.1 | Build model of the RD process
3.1.1 | Reaction system
[bookmark: OLE_LINK3][bookmark: OLE_LINK4]The reaction system is composed of two continuous reactions. During the first step named hydrolysis of esters, DM reacts with water to produce monomethyl malonate (MM) and methanol (MeOH) as formulae (Ⅰ). MM can be further converted to the product MA during the hydrolysis process as formulae (II). Similarly, both reactions are restricted by chemical equilibrium that are is the bottleneck to complete conversion of the reactants. In this work, only reaction Ⅰ and II are considered, ignoring the side products for simplicity's sake. The specific reaction network is as follows:
[image: ](Ⅱ)
(Ⅰ)

3.1.2 | Reaction kinetics
The kinetics of hydrolysis of DM has been reported in our previous study29. The reaction system uses DM and water as reactants, and the solid acid ion exchange resin is selected as the catalyst. Applying pseudo-homogeneous (PH) second-order reaction model to this reaction system, the detail kinetic models are shown below as Equations (8) and (9).

	(8)

	(9)
where,  and  are the reaction rate of reaction I reaction II, mol (L h)-1.  and  are the forward reaction rate constant of reaction I reaction II,  and  are the reverse reaction rate constant of reaction I reaction II, L (mol h)-1. R is the universal gas constant, 8.314 J (mol K)−1. T is the reaction temperature, K.  is the concentration of the ith components. i represent DM, H2O, MM, MeOH and MA, respectively.
3.1.3 | Thermodynamic model
The choice of thermodynamic model is usually based on the non-ideality and polarity of the system. The nonrandom two liquids (NRTL) activity coefficient model is used for thermodynamic model in this reaction system that is suitable for both partially and completely miscible systems. Particularly, it is more accurate for non-ideal solution and partial miscibility system7. Binary interaction parameters could not be found in the Aspen Plus® database that were estimated using the UNIFAC functional group contribution method30. All binary interaction parameters for the RD system are readily obtained from the physical property databank in Aspen Plus®, as listed in Table S2. To further verify the selected thermodynamic model, we also compared the vapor-liquid phase equilibrium data from the literature31 and Aspen Plus® presented in Figure S1. It can be seen that, the experimental data in the literature is similar with the model. Therefore, the NRTL model was used in the DM hydrolysis system. Besides, note that there is a binary azeotrope of DM and H2O in the mixtures, as shown in Table S3. 
3.1.4 | Process description and modeling
The synthesis of MA from DM hydrolysis was used as a case study to discuss how to design the RD column reasonably and effectively replacing the traditional process. The RD model has been verified by pilot-scale experiments29. In present work, the specification and operation conditions of the RD columns considered in shown in Table 1, which consists of ten rectifying and eight stripping stages, respectively. The purity of MA is 32.3 wt.%, because product requirement of MA needs extra water in the bottom of RD column. The DM (heavy component) and water (light component) are used as raw materials to feed from the top and bottom of the reaction zone, respectively. All columns employ a total condenser and a kettle-type reboiler. An operation pressure of 20 kPa was selected, because the MA was withdrawn to avoid its decomposition in the bottom product. 
TABLE 1 The operation parameters of RD column
	Fixed parameter
	value

	[bookmark: _Hlk106441820]MA yield
	96 wt.%,97 wt.%, 98 wt.%

	[bookmark: _Hlk106441836]MA purity
	32.3 wt.%

	Reflux ratio (kg/kg)
	2

	H2O/ DM mole ratio (mol/mol)
	14.8

	The stages of rectifying section
	10

	The stages of stripping section
	8

	Column top pressure (kPa)
	20


Note: Other variables were kept constant: the feeding positions of DM and H2O are fixed at the top and bottom of the reaction section, respectively. The feed flowrate of DM = 238.05 kg⋅h-1. The distillate rate as design variable.
3.2 | Solution set for design parameters
An interesting phenomenon was observed in the process of obtain all solution set for residence time and theoretical stages of reaction section. There is a minimum value of the theoretical stages of reaction section under the specified MA purity and yield. When the theoretical stages of reaction section are lower than that minimum value, the infinite residence time always does not meet the design requirements. The Table 2 shows the maximum of MA yield that can be achieved in the corresponding theoretical stages of reaction section over a sufficiently infinite residence time. Therefore, the limitation of the theoretical stages of reaction section must be found before the design of reaction section in the RD column, and the number cannot be reduced indefinitely. 
[bookmark: _Hlk117168886]TABLE 2 The maximum of MA yield in corresponding theoretical stages of reaction section
	Theoretical stages of reaction section
	4
	5
	6
	7

	MA yield
	95.66 wt.%
	96.88 wt.%
	97.67 wt.%
	98.23 wt.%


[bookmark: OLE_LINK16]The corresponding solution set for theoretical stages of reaction section and total residence time (equally distributed in the reaction section.) are shown in Figure 5. The presented outputs are from the specified MA yield (96 wt.%, 97 wt.%, 98 wt.%) and purity (32.3 wt.%). It can be found that there is a phenomenon of multiplicity for operation parameters that satisfy the design specification. This is worthy of further exploration and research. Besides, the results indicated that, compared with shorter column, the lower total residence time of the longer column could maintain quite identical MA yield and purity. That is, the optimum operation conditions (residence time) of the shorter column can produce comparable performance to that of the longer columns. We found that the theoretical stages of reaction section changed from 7 to 122, and the total residence time decreased by 98.4%, indicating that the total catalyst loaded could be reduced by increasing the theoretical stages of reaction section, thus further reducing the catalyst costs. The reason for this phenomenon will be further explained in the following section. 
[image: ]
FIGURE 5 Corresponding solution set for theoretical stages of reaction section and total residence time.
[bookmark: _Hlk120796370]3.3 | Reaction state distribution and interaction relationship between the residence degree and separation efficiency of reaction section
The reaction system of MA synthesis is a typical a series equilibrium constrained reaction. The results in section 3.2 show that the theoretical stages of reaction section and residence time have mutually a limiting effect, which are important parameters of the distillation separation and catalytic reaction. First, in this section, the effect of above parameters on the distribution of the reaction state is discussed inside RD column, taking the target yield of 0.98 and purity of 0.323 as an example. That mainly reflect in the reaction rate and RED of each stage of reaction section. Then, the interaction relationship between the residence time and theoretical stages of reaction section was established.
3.3.1 | Reaction rate distribution
The reaction rate is a physical quantity that indicates how fast a chemical reaction proceeds, which is affected by some factors such as temperature and pressure. Here, the reaction rate is defined as the change in MA on each stage of reaction section. Assuming that the sum of the formation rates is the same, meaning that the reaction capacity of the RD column is the same. For RD column, the reaction rate distribution will be changed via different theoretical stages of reaction section and corresponding residence time.

FIGURE 6 (a) The MA formation rate distribution of each stage at the different theoretical stages of reaction section. (b) The component profile in the RD column.
Figure 6a shows the formation rate distribution of each stage through changing the theoretical stages of reaction section. With the increase of the theoretical stages of reaction section, the presented trend of the formation rate of each stage is characterized by increasing first and then decreasing. This phenomenon can be explained that the system is a series reaction. Before the inflection point of MA formation rate curve, the reaction system is mainly limited by the concentration of DM. According to the reaction kinetics, the formation rate of MM in the first step reaction is significantly higher than that in the second step, which will promote the further transformation of MM intermediate into MA products, resulting in an increase in the formation rate of MA. After the inflection point, mainly affected by the MM intermediate. Because MM and MA are the heavier components in the RD column, the MM concentration gradually decreases with the process of moving down the column while the variation of MA is opposite. This is further demonstrated by the component profile in the RD column (Figure 6b). Thus, more MA exists in reaction zone, and then affecting formation rate of MA due to the reversible reaction. 
Besides, it’s worth noting that the distribution of MA formation rate is more uniform in more theoretical stages of reaction section, rather than mainly concentrated in several reaction stages. From the above result, this also reduces the total residence time in the RD column, namely less catalyst costs. The reason for this phenomenon is that the increase of theoretical stages of reaction section will enhance the separation capacity of the distillation column and MA products are timely removed from the reaction stage, which makes the composition distribution of each stage farther from the reaction equilibrium state. Hence, to a certain extent, the uniform distribution of the reaction rate is beneficial to the improvement of the reaction capacity for RD column. 
3.3.2 | Reaction equilibrium degree distribution
[bookmark: OLE_LINK32]In this reaction system, the RED of reaction Ⅰ and Ⅱ were expressed as Equations (10) and (11).
		(10)
		(11)
where  and  are the concentration quotient of reaction Ⅰ and Ⅱ, respectively.  and  are the equilibrium constant of reaction Ⅰ and Ⅱ, respectively.
Figure 7 shows effect of the stage number and theoretical stages of reaction section on the  and . It presents that when there are fewer theoretical stages of reaction section, RED must be close to 1 namely chemical equilibrium on each stage of reaction section due to lower separation capacity and the specified design targets of this reaction system can be achieved. However, when the theoretical stages of reaction section increase, RED is smaller. That is, the farther away from the reaction equilibrium is. Because the theoretical stage of the reaction section provides a favorable place for separation, the reaction is in the region of faster reaction rates and going in the forward direction. This is similar with the above reaction rate distribution results. This is the reason why RD is used for process intensification. Remarkably, the reaction is further away from equilibrium at the feed position that first and last stage of reaction section. The reason for this behavior is that too many reactants and a shorter residence time comparing with the batch reactor. Hence, the residence time on each stage of reaction section, especially the feed position, should be considered in future research. Meanwhile, the analysis results can also be used to guide the design of reaction section in the RD column and other similar reactions by means of RD technology. 
 
FIGURE 7 (a) Effect of the stage number of reaction section and theoretical stages of reaction section on the . (b) Effect of the stage number of reaction section and theoretical stages of reaction section on the .
3.3.3 | The establishment of RED and prediction
As can be seen from the results in 3.3.2, the common feature is that the RED first reaches the highest point and then decreases rapidly. It can be found that the change of RED characteristic curve (Figures 7a and 7b) is not only related to the stage number of reaction section, but also to theoretical stages of reaction section. The combination of the power function and inverse tangent function was chosen as the fitting function. The advantage of the inverse tangent is that it moves more smoothly in front of the curve. The functional relationship of  and  were expressed by the following Equations (12) and (13), respectively.
[bookmark: OLE_LINK23]		(12)
		(13)
where , , , ,  and  are corresponding characteristic parameters of RED, which can be determined by multiple linear regression using Levenberg-Marquardt method based on the data in section 3.3.2. The results of characteristic parameters were shown in Table S4.  are theoretical stages of reaction section, and  is the stage number of reaction section.
[bookmark: _Hlk115804523][bookmark: _Hlk117241576]Furthermore, we have adopted a wholly based on the theory of geometric model to describe the relationship of these parameters and theoretical stages of reaction section. The curve equation has been fitted with the least square algorithm. Figure 8 shows the calculation results between the characteristic parameters and the mathematical relations based on the data in Table S4. Notably, the correlation coefficients (R2) of all equations are over 0.99, indicating excellent agreements. The detailed mathematical relation is shown in Equations (14-19). Consequently, the RED distribution inside RD column can be obtained quickly through the relation equation between characteristic parameters and theoretical stages of reaction section, and Equations (12) and (13).
		(14)
		(15)
		(16)
		(17)
		(18)
		(19) 
 
 

FIFURE 8 The calculation results between the characteristic parameters and mathematical relation.
[image: ]
FIGURE 9 The verification between the RED obtained and Aspen Plus® data.
Here, a case study was selected to predict the reaction state in a RD column using RED. The theoretical stages of reaction section are 35, and the yield of MA is 0.98 and the purity is 0.323. The RED of reaction system obtained via Equations (12) and (13) are validated with the Aspen Plus® data, and the results are shown in Figure 9. It can be found that the mathematical fit lines of   and  are in agreement with the data collected by the Aspen Plus® within the error window of ±5%, confirming the credibility of the RED established in this study. Therefore, the reaction state in RD column can be predicted accurately to guide subsequent design of reaction section in the RD column by using the RED at different theoretical stages of reaction section.
3.3.4 | Interaction relationships between the residence degree and separation efficiency of reaction section
This section takes the Aspen Plus® data as an example and compares them with the interp function provided by MATLAB. When the yield of MA was 97.7 wt.%, the residual curve is shown in Figure 10. By comparison, it can be found that the maximum residual of linear interpolation is 0.004, cube interpolation is -0.0028, and spline interpolation is -0.0016. The residual fluctuation is lower comparing spline with cubic, and it is more suitable for the relationship between the theoretical stages of reaction section and residence time. 
[image: ]
[bookmark: OLE_LINK28]FIGURE 10 Residual comparison of three interpolation methods.
[bookmark: _Hlk88057524][bookmark: OLE_LINK12]The interpolation effect diagram of spline interpolation method is shown in Figure 11a, which can reflect the spatial distribution characteristics of the residence time of each stage for the specified design targets. This method improves the calculation efficiency and has good extrapolation ability. For example, when the MA yield is 97.7 wt.%, the relationship between theoretical stages of reaction section and residence time of each stage is shown in Figure 11b. There is a similar curve for each corresponding MA yield from interpolated surface. Then, the nonlinear fitting method can be used to obtain the interaction relationship between the residence degree and separation efficiency for the specified design targets. The optimal residence time can be quickly obtained through the relationship equation to guide the design requirements of the RD column.
[bookmark: _Hlk106449695]FIGURE 11 (a) The interpolation effect diagram of spline interpolation method. (b) The extrapolated curves of the interaction relationship between the residence degree and separation efficiency of each stage.
3.4 | Results of design parameters
[bookmark: _Hlk106457464]In this work, operational cost is only the catalyst cost. Note that the energy consumption of reboiler and condenser is almost the same, it is no longer considered in this work. For the RD column, the capital cost is the summation of the column and packing cost. Based on the frame shown in Figure 3, we concluded that the optimal theoretical stages of reaction section are between 11 and 22. Figure 12 shows an economic comparison of different theoretical stages of reaction section. The results indicate that there is a best matching relationship between reaction and separation. At the lower theoretical stages of reaction section, the change of residence time is obvious, which leads to the cost of catalyst variation is significantly greater than the cost of column and packing. With the increase of theoretical stages of reaction section, the cost of column and packing is dominant. Hence, considering TAC results, theoretical stages of reaction section of 13 is recommended as optimal parameter. According to the interpolation method, the residence time corresponding to theoretical stages of reaction section can be further obtained. The residence time on each stage of reaction section is 121.5s. Based on the cost analysis, it can be concluded that the interaction of residence time and theoretical stages of reaction section should be considered during design early stage of RD column. Similarly, other reaction systems using RD process should also do this first. 
[image: ]
FIGURE 12 Effect of theoretical stages of reaction section on the economy
4 | CONCLUSIONS
[bookmark: OLE_LINK39][bookmark: _Hlk116411957]In chemical production, the coupling of reaction and separation plays a crucial role on the reaction section in the RD column that residence time and theoretical stages of reaction section are key parameters. The purpose of this paper is to proposed a design framework to achieve the matching of reaction and separation for the design of the reaction section in the RD column from the principle. The interaction relationship between the residence degree and separation efficiency of reaction section is established by means of spline interpolation method and the RED is developed by empirical correlation equations. The design of the reaction section in the RD column was completed based on the above design framework. Taking the synthesis of MA from DM hydrolysis as a case study, the results suggested that the proposed method is successful for the design of the reaction section in the RD column. Consequently, residence time on each stage of 121.5s and theoretical stages of reaction section of 13 are recommended as optimal parameters based on economic minimum. Besides, note that the minimum of the theoretical stages of reaction section must be found for specified targets before the design for RD column.
Overall, this study is helpful for us to further understand the phenomenon of reaction and separation in RD column, and provide reliable supports for process development and reaction equipment development. Meanwhile, this research strategy can further promote the application of reaction restricted by chemical equilibrium in RD process.
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