A multi-scale simulation of vinyl acetate systems applied in the industrial gas separation column
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Abstracts
In this work we focus on the separation of the key component vinyl acetate (VAc) and the light components acetylene (C2H2), carbon dioxide (CO2) and acetaldehyde (CH3CHO) in the VAc synthesis process. The vapor-liquid phase equilibrium (VLE) data were calculated for the binary systems C2H2-VAc, CO2-VAc and CH3CHO-VAc with Gibbs Ensemble Monte Carlo (GEMC) simulation, in which the force field parameters were obtained by the quantum chemistry and parameters fitting method. The binary interaction parameters of UNIQUAC thermodynamic models with Henry’s law were determined by fitting the equilibrium data, and applied for the process modeling of the industrial gas separation column. The consistency between the calculation results and the industrial installation data confirmed the accuracy of the fitted thermodynamic model. This work developed a new way from microscopic GEMC simulations to macro process modeling for the system without VLE experiment data.
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1. Introduction
Vinyl acetate (VAc), as an important industrial intermediate, is widely used for the production of vinylon, binder, paint and also chemical fibers1-3. At present, VAc is mainly produced by gas-phase catalytic ethylene (C2H4) process, but in areas rich in calcium carbide resources, it is mainly synthesized by gas-phase catalytic acetylene (C2H2) and acetic acid (HAC) with zinc acetate/activated carbon catalysts4. The existing fluidized bed process has the problems of high content of by-product acetaldehyde (CH3CHO) and crotonaldehyde, and the catalysts life was short due to their attrition. Therefore, it is necessary to improve the technological route with fixed bed reactor to restrain the acquisition of by-products by increasing the molar ratio of acetylene to acetic acid. 
Generally, in the new process of synthesizing vinyl acetate by gas-phase catalytic C2H2 method, the reactor outlet gas contained unreacted reactants C2H2 and HAC, the product VAc and by-products CH3CHO, CO2 and vinylacetylene et al. Due to the low single-pass conversion of C2H2, it is necessary to separate C2H2 from the outlet gas for recovery. Meanwhile, as the light component, CO2 should also be separated to increase the concentration of C2H2. In addition, the by-product CH3CHO should also be separated from the product to guarantee the purity of VAc in the distillation section4-6. Therefore, the separation of the light components C2H2, CO2 and CH3CHO with the heavy component VAc is a crucial unit operation in the industrial design of the VAc process.
[bookmark: OLE_LINK1][bookmark: OLE_LINK2][bookmark: OLE_LINK4][bookmark: OLE_LINK3]There are many predictive thermodynamic models available in the design and development of VAc production process. Young et al.7 used UNIQUAC model to simulate the VAc/HAC/H2O ternary mixture when designing the plantwide control of a VAc process. McAvoy and co-workers8 designed a VAc process by a nonlinear dynamic model based on the Wilson liquid activity coefficient model. Luyben et al.9-10 also presented design details of an industrial process for the manufacture of VAc monomer using Wilson and NRTL thermodynamic model, respectively. However, it was found that the binary interaction parameters of C2H2, CO2, CH3CHO and VAc in the thermodynamic models, such as UNIQUAC11, NRTL12 and Wilson13, were missing in the modern modeling packages (such as PROⅡ, Aspen and ChemCAD). Although fitting binary VLE experimental data is the most accurate and feasible method to obtain binary interaction parameters, there are few experimental data about gas and VAC mixtures, also only a limited number of data about the CH3CHO-VAc system reported14-17. Meanwhile, due to the VLE data of VAC-C2H2 system was difficult to measure, only the data from -15℃ to 0 ℃ were measured by Kizlink et al.18
[bookmark: OLE_LINK5][bookmark: OLE_LINK6]Aiming at these systems which are missing from experimental data and difficult to measure, Gibbs Ensemble Monte Carlo (GEMC) method has been developed as a powerful tool, which can not only predict the VLE behavior, but also give insight into the microstructure of the systems 19-20. The accuracy of the calculated VLE data relies on the force field parameters of the compounds21. Among many molecular force fields, TraPPE-UA shows good performance in VLE prediction because of its high sensitivity to thermodynamics. Siepmann and co-workers have extended the TraPPE-UA force field from alkanes22-24, alcohols25 to ethers and aldehydes26. Kamath27 has extended TraPPE-UA force field for methyl acetate, and studied liquid-phase properties of the molecules at room temperature. Furthermore, an extension of NERD united-atom force field for esters was used to predict liquid-phase properties for triglyceride by Khare et al28. In our earlier work, an extended TraPPE-UA force field for VAc has been proposed based on Lennard-Jones plus point charge functional model20, and the simulation results of thermodynamic properties of VAc was in good agreement with the experimental data, suggesting that the extended TraPPE-UA force field is suitable for VAc system.
In this work, aiming at the problem that the lack of VLE data of VAc system limited the design and development of VAc production process, GEMC method was introduced to predict the VLE data of VAc and key separation components, such as C2H2-VAc, CO2-VAc and CH3CHO-VAc systems. In the GEMC simulation, VAc and C2H2 force field parameters were obtained by quantum chemistry method, and the accuracy was confirmed by experimental data. Then, the simulation data of the above binary systems was separately used to fit the binary interaction parameters of the UNIQUAC thermodynamic model. Finally, using ASPEN simulation packages, the thermodynamic model parameters fitted by GEMC simulated data were applied to the design of gas separation column in VAc production process, and the process simulation results were also compared with the data of the industrial installations. This work combined microscopic GEMC simulation with macro process modeling, which provided a new multi-scale strategy for the research and design of systems with missing physical properties.
2. GEMC simulation method
The GEMC method based on molecular force field can conveniently obtain the VLE properties of unknown systems by constructing vapor-liquid two-phase model and MC calculation. It has been successfully used to describe the phase equilibrium properties of many systems29. In the GEMC simulation process, the accuracy of the simulation result depends on the force field, which is a potential energy function that describes the intramolecular and intermolecular interactions. Hence, the definition of force field model is crucial for the GEMC simulation.
2.1 Force field and molecular structure
In this work, the force field model for the compounds is expressed by the equation (1) to describe the intramolecular and intermolecular interaction. The former includes bond angle and dihedral angle, and the latter includes Lennard-Jones (L-J) and Coulomb interactions. Cross L-J parameters for interactions between pseudo-atoms are obtained using Lorentz-Berthelot combining rules as equation (2)29-30.
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As presented in Figure1, C2H2, CO2, CH3CHO and VAc molecular structures were first constructed and optimized. Then, they were used to construct the vapor-liquid two-phase model of GEMC simulation, and the resulting equilibrium configuration of gas/liquid phase box, take C2H2-VAc as an example, is shown in Figure1.

Figure 1. Molecular structures and equilibrium configuration of gas/liquid phase box in GEMC simulation. 

2.1.1 Force field parameters of VAc molecule.
[bookmark: OLE_LINK7]In this work, the molecular model of VAc was built based on the extensional TraPPE-UA force field, where parameters for the CH3*(sp3), Cco=o(sp2), O=c(sp2), Occ(sp3) and CH2=*(sp2) groups were taken directly from the TraPPE-UA force field24, 26. All geometric data for valence terms of the CHo=c(sp2) group, such as bond lengths, angels, bending and torsional potentials, were directly taken from previous installments of the TraPPE-UA20 and OPLS-UA31 force fields. However, the L-J parameters of the CHo=c (sp2) group were missing in primitive TraPPE-UA force field, which were obtained by fitting the quantum chemistry calculation results of its intermolecular interactions with the probe molecule in our previous research20, and the point charges were also determined by an ESP analysis of ab initio calculations performed at the MP2/6-311G (d, p) level. More details on parameterization of the VAc molecular model were given in our earlier work20. 
2.1.2 Force field parameters of C2H2 molecule.
Due to the deficiency of the C2H2 force field based on L-J potential model, a united atom force field for the C2H2 molecule was developed in this study, which could be combined with the VAc force field. The intramolecular and intermolecular parameter between CH≡*(sp) groups were obtained from the optimized structure of C2H2 molecule calculated by quantum chemistry method at MP2/6-311G (d, p) level. Among them, the L-J parameters of the CH≡*(sp) group were determined by fitting the interaction energies between Ne20 atom and C2H2 molecule in a three-dimensional space, which were scanned along the direction between the optimized structure of them, and the fitting curve was shown in Figure S1. Moreover, point charges of CH≡*(sp) groups were also determined by an ESP analysis at MP2/6-311G (d, p) level. 
2.1.3 Force fields of CO2 and CH3CHO molecules.
For CO2 molecule, there were several force fields that can be used, such as EPM, EPM232, MSM33, EXP-634 and TraPPE-EH35 et al. Among them, TraPPE-EH force field has been confirmed by Siepmann and coworkers that it can accurately predict the thermodynamic properties of the CO2 system, including the VLE of pure substance and CO2-alkane binary system35. Therefore, TraPPE-EH model was chosen for CO2 simulation in this work. In addition, since TraPPE-UA force field has been extended to aldehydes, parameters for CH3CHO molecule were directly taken from the literature26 for this work.
2.1.4 Summary of non-bonded parameters
The non-bonded interaction parameters of force field models in this work are summarized in Table 1, such as van der Waals radii (σ) and energy well depth (ε) parameters of L-J interaction and charge (q) parameter of the Coulomb interactions used in the force field.

Table 1 
Non-bonded parameters of the interaction sites used in the force field

2.2 Simulations details
All the GEMC calculations of this work were performed using the MCCCS Towhee program, and NVT-GEMC and NPT-GEMC method were separately employed to calculate the VLE properties of pure components and binary mixtures38. Face-centered cubic lattice with 1000 molecules was built as the initial configuration of each simulation. Ewald’s sum technique with periodic boundary condition was utilized to deal with electrostatic interactions with a cutoff radius of 14 Å, which was less than half of the box length. Molecular hardcore was set as 1.0 Å to avoid impossible configurations. Standard long-range corrections were applied for energies and saturated densities calculations. Generally, sizes of simulation boxes were determined by temperature, pressure and the number of molecules. MC runs were performed for 10×109 steps with an equilibration run of 5×109 steps, and included volume exchanges, translational, rotational, particle exchanges and configurational-bias moves. Probability of the volume exchanges was 0.1~0.2 %. Ratio of particle exchange steps was 20% in high temperature and 30% in low temperature. The remaining fraction was divided equally into translational, rotational, and configurational-bias moves. Probabilities of different moves for the two components in the mixtures were manually adjusted to ensure that equilibrium conditions were satisfied, that is, the simulated temperature (T), pressure (P), and chemical potential (µ) of all components in both phases agreed within the error bars.
3. Results and discussion
3.1 VLE of pure component
Force filed plays an important role in the GEMC calculation of VLE properties. As mentioned earlier, the force filed parameters of CO2 and CH3CHO were taken from the existing literature values26, 35, and the accuracy of pure component calculation has been confirmed by previous studies. For VAc, as presented in our earlier work20, an extensional TraPPE-UA force field was developed, and it showed high prediction accuracy for the VLE properties of VAc pure component, such as density and saturated vapor pressure, etc. Thus, the extensional TraPPE-UA force field was chosen for the VLE calculation of VAc binary system. Furthermore, the accuracy of developed C2H2 force field was focused on in this work.
For the purpose of using same potential model type with other substance in the system, the C2H2 force field was developed based on the quantum chemistry method, and it was used for the VLE calculation of pure C2H2 in the temperature range of 213.15~283.15 K with NVT-GEMC method. The calculated vapor-liquid coexistence curves are shown in Figure 2, and the experimental saturated liquid density data are also listed for comparison39. Reproducibility (<±1%) of the simulation results were calculated from repeated three GEMC runs. It can be seen that the simulated liquid densities are in good agreement with the experimental data, and the average relative deviation (ARD) between them is 3.8%. Figure 3 presents the relationship between the saturated vapor pressure and temperature of C2H2, and the ARD between the simulated and experimental values is about 8.7%. The Clausius-Clapeyron plot for the vapor pressure of C2H2 is also shown in the Figure It can be seen that there is a good linear relationship between lnP and T-1, and the results is consistent with the experimental data, which suggests that the developed force field could be used to describe the VLE behavior of C2H2 system.

Figure 2. Temperature vs. saturated density for the vapor-liquid phase coexistence of C2H2 (red: simulation results, green: experimental data39).

Figure 3. Pressure vs. temperature for the vapor-liquid phase coexistence of C2H2 
(red: simulation results, green: experimental data39).

3.2 VLE of binary systems
    Based on the developed and migrated force fields mentioned above, the VLE of C2H2-VAc, CO2-VAc and CH3CHO-VAc binary systems was separately calculated using NPT-GEMC method. Each VLE data was obtained by averaging the values of three GEMC simulations, and the statistical uncertainty was less than 2%.
3.2.1 VLE of C2H2-VAc binary system
Using the developed C2H2 and VAc force field, the binary phase equilibrium properties of C2H2-VAc system were simulated at the temperature of 268.15, 273.15 and 293.15 K. The solubility of C2H2 in the VAc solutions is calculated according to the VLE simulation results, and its relationship with temperature and pressure is displayed in Figure 4. It can be seen that the C2H2 solubility in the VAc solution increases almost linearly with the increase of pressure, and decreases with the increase of temperature. This is in line with the general law. Moreover, the simulation results are in good agreement with the experimental data, especially at low pressure, which confirms that the developed force fields for C2H2 and VAc could correctly descript the interaction between them, and suitable for the GEMC simulations of C2H2-VAc binary system.

Figure 4. Solulibity of C2H2 in the VAc solution at different temperature and pressure (point solid line: simulation results, point dotted line: experimental data40).

3.2.2 VLE of CO2-VAc system
[bookmark: OLE_LINK8]Because the accuracy of TraPPE-EH force field for CO2 has been verified35, the binary phase equilibrium data of the CO2-VAc system were calculated by combining the force field of TraPPE-EH (CO2) and TraPPE-UA-vac (VAc). The NPT-GEMC simulation was performed at the temperature of 313.15 K and the pressure range of 1500~5000 kPa. The simulated solubility of CO2 in VAc solution are shown in Figure 5, and compared with the experimental data. As seen, the CO2 solubility increases with the rise of pressure. Furthermore, it can be seen that when the pressure is lower than 3500 kPa, the simulation results are in excellent agreement with the experimental data, however, when the pressure was higher than 3500 kPa, the deviation between them shows an increasing trend. It might be attributed to the fact that the system could not include all the fluctuation when the pressure was close to the critical pressure, which is called finite-size effect41. The simulation results also indicate that the force field of CO2 and VAc could correctly predict the phase equilibrium properties of binary system in the pressure range for industrial production of VAc.

Figure 5. Solubility of CO2 in the VAc solution at 313.15 K.

3.2.3 VLE of CH3CHO-VAc system
With the NPT-GEMC method, the binary phase equilibrium data of the 
CH3CHO-VAc system were calculated at T= 297.65, 305.15, 312.65, 322.15, 335.75 K and P=101.325 kPa. The original TraPPE-UA force field and the developed TraPPE-UA-vac force field were respectively used for CH3CHO and VAc. As shown in Figure 6, the simulation results are also compared with the experimental data, and it is found that the ARD for the mole fraction of CH3CHO between the simulation results and experimental data was only 2.5% in the vapor phase and 4.6% in the liquid phase. From the simulation results, the force field parameters were testified for CH3CHO and VAc to accurately descript the binary VLE properties.

Figure 6. T-x-y curves for the CH3CHO-VAc system at P=101.325kPa.

3.3. Process simulation
As an important operation unit in the synthesis process of VAc, the gas separation column is the link between the reaction and distillation unit. The outlet gas of the reactor contains not only target products VAc, unreacted C2H2 and acetic acid, but also by-products CH3CHO and CO2. The reaction gas is separated in the gas separation column after being condensed. According to the absorption principle, the VAc component is absorbed to the bottom of column with acetic acid, and thus the non-condensable gases such as C2H2 and CO2 could be separated. The reaction solution containing acetic acid, VAc and CH3CHO is sent to the distillation unit for subsequent separation. 
In this work, process of the gas separation column was designed by Aspen simulation packages, and the selection of thermodynamic model played a key role in the design. To obtain the missing binary interaction parameters of UNIQUAC-RK model for VAc system, the VLE data of C2H2-VAc, CO2-VAc and CH3CHO-VAc systems from GEMC simulation was fitted, and then used to the design of gas separation column.
3.3.1 VLE data prediction and UNIQUAC-RK parameters fitting
Based on the force field parameters testified in Section 3.2 for C2H2, CO2, CH3CHO and VAc, binary VLE properties were predicted at the atmospheric pressure for the C2H2-VAc system in the temperature range of 188.30~345.85 K, the CO2-VAc system in the temperature range of 216.65~345.85 K, and the CH3CHO-VAc system in the temperature range of 297.65~335.75 K, respectively. The simulation results are summarized in Table S1 ~ S3, where T, xM, yM are the temperature, mole fraction of M component in liquid phase and vapor phase, respectively. The values in the brackets represent the relevant statistical errors. Moreover, the corresponding T-x-y curves are also shown in Figure 7.
Then, the predicted VLE data of binary system is used for fitting the missing binary interaction parameters of the UNIQUAC-RK equation. The UNIQUAC model is listed as equation (3), 
   ln  =  +  +  +  -  +  -  
  =  - ,   = ,    = ,  
[bookmark: _GoBack]   = exp                                                                                             (3)
where, ri and qi represent a relative volume and surface area of component i, respectively. Φi and θi are volume and surface area fractions of component i, respectively. gij (or the equivalent τij) is the binary interaction parameters, which is usually fitted by experimental data.
In the parameters fitting process of the UNIQUAC-RK equation, C2H2 and CO2 were selected as the Henry-components, where Henry’s constants were obtained from the data fitting of Table S1 and Table S2. The temperature dependence of the Henry’s constants used in Aspen Plus software is presented as equation (4).
ln  =  +  +  ln T +  T +                                                          (4)
where, the parameters a, b, c, d and e are Henry’s constants for component i in solvent j. The Henry’s constants of C2H2 and CO2 in VAc (aij, bij), and the binary interaction parameters (bij, bji) of the UNIQUAC-RK model for the CH3CHO-VAc system are summarized in Table 2. 
Table 2 Binary interaction of aij and bij of the UNIQUAC-RK model

Figure 7. T-x-y curves of the binary systems, a: C2H2-VAc, b: CO2-VAc, c: CH3CHO-VAC (points: GEMC calculation values, lines: estimation values of UNIQUAC-RK model). 

Figure 7 present the estimation results of binary VLE data for the C2H2/ CO2/CH3CHO-VAC binary systems using the fitted binary interaction parameters in UNIQUAC-RK model, and they are also compared with the GEMC calculation results. It can be seen that the VLE data obtained by the UNIQUAC-RK model agrees well with the GEMC results. It suggests that the fitted UNIQUAC-RK model could accurately descript the binary VLE properties of VAc system.
3.3.2 Gas separation column modeling using UNIQUAC-RK model
The flow diagram of the gas separation column process is depicted in Figure 8. In the developed process, raw materials (S-1) flow into the gas separation column from the bottom. The gas separation column contains 20 theoretical stages, and is divided into three parts (1st part: 13-20#; 2nd part: 8-12#; 3rd part: 1-7#). The separated gases flow into the next section from the top. The bottom stream is circulated by the pump (1st-inlet) at 85℃, with an outflowing stream (S-4) removing the carbon powder of the catalyst. One part of the middle stream (2nd-outlet) is pumped into the column bottom as the supplement of the 1st part. The remaining liquid is splitted into two parts after being cooled, one of which return into the column (2nd-inlet). The other is collected into the collecting tank. One part of the collecting liquid (3rd-inlet) is pumped into the column top as the absorber after being cooled down to 3℃. The other is pumped into the S-3 section as feed for distillation. Table 3 lists the design parameters of the gas separation column. To testify the accuracy of the designed process, the inlet and outlet stream parameters of the gas separation column are compared with the actual industrial data42-43 using the developed technology, which are listed in Table 4. It could be seen that the designing results using the supplied binary interaction parameters are in accordance with the actual industrial data, demonstrating the accuracy of the UNIQUAC-RK model. It is also proved that the method using the GEMC simulations to calculate the phase equilibrium data and further fitting the interaction parameters of UNIQUAC-RK model is accurate enough and feasible for designing the process. 

Table 3 Design parameters of the gas separation column

Figure 8. Flow diagram of the gas separation column.

Table 4 Process data of the gas separation column from the calculation and the industrial operation

Figure 9 depicts the changes of the separation factor between light components and the heavy component VAc with the stage number. The separation factor indicated the degree to which a unit or process separates two substances, and was expressed as Equation (5):

                                                                                                         (5)
where yi and yh represent molar fraction of the light component and heavy component in the gas phase, as well as xi and xh represent the mole fraction of the light component and heavy component in the liquid phase. 

Figure 9. Separation factor between the light components and VAc with the stage.

As Figure 9 presented, the light component CO2 and C2H2 have the larger separation factor with VAc, and the separation factor of CH3CHO is low, which suggests that CO2 and C2H2 are easier to be separated. Since the CO2 and C2H2 molecule are nonpolar, and they have weaker interaction with the VAc molecule. Furthermore, the solubility and boiling point of CO2 and C2H2 are also lower than that of CH3CHO, resulting in an easier separation. Due to the little separation factor of CH3CHO, it can be extracted with VAc from the bottom, avoiding being recycled into the reactor and producing other by-product, such as crotonaldehyde. It is precisely because of the accuracy of thermodynamic model that the description of components in gas separation column is described reasonably and correctly. Hence, the method that combining the GEMC method predicting VLE data with the process designing using the specific thermodynamic model was proved to be accurate and acceptable. 
4. Conclusion
In this work, the separation unit of product VAc and key light components C2H2, CO2 and CH3CHO in the developed VAc synthesis process were studied by using the multi-scale method of molecular simulation and the process modeling.
The VLE data of the C2H2-VAc, CO2-VAc and CH3CHO-VAc binary systems were calculated by the GEMC simulation method. In the simulation process, the TraPPE-UA force field model was used and the missing parameters of C2H2 and VAc were obtained by the quantum chemistry and parameters fitting method. The consistency between simulation results and the experiment data verified the accuracy of the force field. Then, the T-x-y data of VAc binary systems was forecasted using the above mentioned force field, and utilized for fitting the binary interaction parameters of the UNIQUAC-RK model with Henry’s law. The binary phase equilibrium data predicted by the UNIQUAC-RK model agreed well with the GEMC simulation results, suggesting that the UNIQUAC-RK model was feasible to descript the binary VLE properties.
Based on the fitted parameters of the UNIQUAC-RK model, the process modeling of the gas separation column in the VAc synthesis process was performed. The calculation results were compared with the industrial device operation data. The composition of the light component flow such as C2H2 and CO2, and the production flow of the reaction liquid were consistent with the industrial data. This result confirmed the accuracy of the fitted UNIQUAC-RK model and the combining method with molecular simulation. This work firstly provided the binary interaction parameters of the thermodynamic model for the VAc production process design and modeling, and also developed a multi-scale method for the process design of the system with missing physical properties.
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