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Abstract

:

This study reports the analysis and design of a liquid phase esterification process to convert acetic acid with isoamyl alcohol into isoamyl acetate via reactive pervaporation, in the presence of an Amberlite IR-120 ion exchange resin catalyst. To accomplish this, a catalytic reactor is coupled with a separation membrane unit (Pervaporation Membrane Reactor (PVMR)). In the proposed unit, the chemical reaction equilibrium is favorably shifted towards isoamyl acetate formation by removing water with the help of a separation membrane. The study is developed by using relevant thermodynamics, kinetics, and membrane transport models, and by considering different catalytic reactor-pervaporator membrane configurations such as: (a) a two-step continuous fixed bed-pervaporator process (FBR+PVMU), (b) a two-step continuous slurry reactor-pervaporator process (SR+PVMU), (c) a single-step integrated fixed bed-pervaporator reactor (IFBPVMR), and d) a single step integrated slurry-pervaporator reactor (ISPVMR). The performance of the PVMRs is evaluated by using a R recycle ratio, a Ω membrane area to reactor volume ratio, and Da Damköhler dimensionless parameters. From the various proposed configurations, it is shown that the integrated plug flow reactor-pervaporation reactor (IFBPVMR) provides the best performance. On the basis of various simulations and design charts developed in the present study, operational conditions leading to optimum ester yields as high as 0.94 are predicted. These results provide a valuable prospect for the industrial scale-up and implementation of isoamyl acetate production units.






Keywords:


reactive pervaporation; modeling; simulation; design charts; esterification; isoamyl acetate












1. Introduction


The production of useful chemicals obtained from the conversion of agro-industrial residues is becoming significant due to the increasing worldwide growth of biofuel markets. In this respect, it is relevant to note that global bioethanol consumption has increased by 70% in the last decade, with a claimed 1011 L of bioethanol consumption, in 2021 [1].



Bioethanol production via fermentation is not a selective process. It generates a variety of byproducts. Among them are fuselol or fusel oil [2]. Fuselol is a liquid residue obtained from ethanol purification which is constituted of ethyl, propyl, isobutyl, butyl, and 75 wt.% isoamyl alcohol, on a water-free basis [3]. Given that approximately 5 L of fusel oil are generated for every 1000 L of ethyl alcohol produced, the conversion of isoamyl alcohol to isoamyl acetate by the esterification of acetic acid is a process with high prospects. In fact, the formed ester has many possible applications in the chemical market, particularly in the food and cosmetic industry, as reported by Industry ARC [4] and López-Fernández et al. [5]. Isoamyl acetate is commercialized as a 99% high purity product with less than 0.1% water and less than 0.01% acetic acid [6].



Regarding the production of catalytic isoamyl acetate, one should consider that the acetic acid and isoamyl alcohol conversion, in the presence of an acid catalyst, reacts with the following stoichiometry (Figure 1):



The esterification reaction shown in Equation (1) is, however, limited by chemical equilibrium [7]. While high reactant conversions can be achieved by using either acetic acid or isoamyl alcohol in excess, this approach is an inefficient one, given that it requires large reactor volumes, with extra costs needed to recover unreacted chemical species via product separation from diluted streams. Water separation using conventional distillation from the oxygenate product blend is a complex step, that includes phase separation with multiple azeotropes [8]. As a result, new chemical technologies with enhanced separation performance, such as chromatographic separation and reactive distillation, can be considered [9]. These approaches reduce environmental impact, improved safety, better product quality, and reduced energy consumption.



Esterification intensification can be achieved with the help of reactive distillation (RD) or pervaporation membrane reactors (PVMRs) [10]. RD requires, however, a large difference of volatilities between the reactants and products. This can cause RD performance issues and may require extra energy consumption. On the other hand, for quaternary chemical species blends with azeotropes, such as the one under consideration, PVMRs, with water withdrawal [11], offer special features for enhanced isoamyl acetate production [12,13,14]. However, high purity isoamyl acetate (v.g., >99% ester) will require an additional purification step (v.g., via conventional distillation) [15].



Regarding pervaporation aided esterification, the following has been previously reported: (a) the esterification of acetic acid with ethanol, using PVA/ceramic composite membranes [16], (b) the esterification of acetic acid with isopropanol, using a Pervap® 2201 membrane and a Amberlite-15 resin as a catalyst [17,18], (c) the production of a methyl laurate ester using a catalyst coated polymer membrane [19], and (d) acetic acid esterification with isoamyl alcohol, using a Amberlite IR-120 resin catalyst and a silica membrane [20].



PVMRs can be implemented by using two possible configurations: (i) an ex-situ PVMR, with reaction and separation being performed in two separate stages, or (ii) an in situ PVMR, with the reaction and separation being carried out within a single integrated unit. Given the potential of catalytic reactor-pervaporator membrane configurations, various design alternatives are considered in the present study, via numerical simulation. The approach used here involves experimentally validated thermodynamics, kinetics, and membrane transport models. This allows realistic process simulations, as required for industrial applications. Furthermore, and following the design guidelines set by Lim et al. [21], the PVMR performance is assessed, using key dimensionless parameters, which account for reaction rate/residence time ratio, recycle ratio, reaction rate/pervaporation rate ratio, and membrane selectivity. On this basis, the most favorable configuration, and conditions for maximum water separation and maximum isoamyl acetate yields, are successfully identified.




2. Thermodynamics, Reaction Kinetics, and Membrane Transport Models for PVMR Simulation


2.1. Thermodynamic Model


PVMR models require thermodynamic parameters to describe chemical species transport through the membrane. To accomplish this, liquid phase thermodynamics of acetic acid/isoamyl alcohol/isoamyl acetate/water blends were postulated by Osorio et al. [8] using a Non-Random-Two-Liquid (NRTL) activity coefficient model [22]. Table 1 reports the NRTL parameters (aij, aji, bij, and bji) considered for liquid-liquid and vapor-liquid phase equilibria calculations.



Regarding the NRTL model, the temperature influence on various thermodynamic parameters was accounted for via Equations (1)–(6), as proposed by Osorio et al. [8].


   G  i j   = e x p  (  −  α  i j   ×  τ  i j    )   



(1)






   τ  i j   =  a  i j   +  b  i j   / T +  e  i j   l n T +  f  i j   T  



(2)






   α  i j   =  c  i j   +  d  i j    (  T − 273.15 K  )   



(3)






   τ  i i   = 0  



(4)






   G  i i   = 1  



(5)






  l n  (   γ i   )  =     ∑ j    x j   τ  i j    G  i j         ∑ k    x k   G  k i       +   ∑ j      x j   G  i j       ∑ k    x k   G  k j        (   τ  i j   −     ∑ m    x m   τ  m j    G  m j         ∑ k    x k   G  k j        )     



(6)




where    G  i j     is the NRTL excess Gibbs energy (J/mol),    α  i j     is the NRTL non-randomness parameter (dimensionless),    τ  i j     is the NRTL binary interaction parameter (dimensionless), T is the temperature (K),    x i    is the liquid phase molar fraction of component i (mol/mol), and    γ i    is the activity coefficient of i (dimensionless).




2.2. Reaction Kinetics


Duque et al. [6] and Osorio et al. [23] postulated reaction rate models for both the homogeneous (rhom (mol/(L·h))) and the catalytic (rcat (mol/(gcat·h)) reactions, using an Amberlite IR-120 catalyst. The proposed models are described by Equations (7) and (8), with their respective kinetic constants being given by Equations (9) and (10). Furthermore, and for the equilibrium constant (Keq), a value of 5.0 was calculated, at the 353 K (80 °C) anticipated process operation condition.


   r  h o m   =  k  1 , h o m    x  H A c   1.21    (   x  H A c    x  R O H   −    x E   x W     K  e q      )   



(7)






   r  c a t   =  k  1 , c a t      (   x  H A c    x  R O H   −    x E   x W     K  e q      )       (  1 + 0.0133  x  H A c   + 0.0444  x  R O H   + 0.0280  x W   )   2     



(8)






  l n  k  1 , h o m    〈    m o l   L . h    〉  = 1.417 −   62.336   0.008314   ×  (   1 T  −  1  363.15    )   



(9)






  l n  k  1 , c a t    〈    m o l    g  c a t   . h    〉  = 0.034 −   52.2   0.008314   ×  (   1 T  −  1  363.15    )   



(10)




where subscripts HAc, ROH, E, and W represent acetic acid, isoamyl alcohol, isoamyl acetate and water, respectively.



In order to consider both the homogeneous and heterogeneous reaction rates, in the context of the non-dimensional PVMR model, it is useful to define a  α  catalyst loading parameter, which relates the mass of the catalyst to the liquid volume of the reactive mixture (i.e., reactor) as follows:


  α  〈    C a t a l y s t   M a s s   L i q u i d   V o l u m e    〉  =    W  c a t      V  l i q u i d     =    V  c a t    ρ  c a t , b u l k      V  r e a c t o r   ϕ   =    V  r e a c t o r    (  1 − ϕ  )   ρ  c a t      V  r e a c t o r   ϕ   =    ρ  c a t    (  1 − ϕ  )   ϕ   



(11)




where Wcat is the weight of catalyst used (kg), Vcat is the volume of catalyst used (m3),    ρ  c a t , b u l k     is the bulk density of the catalyst (mass of catalyst per volume of reactor bed),    ρ  c a t     is the density of solid catalyst (kg/m3), Vreactor is the liquid volume of the reactive mixture (m3), and  ϕ  is the reactor voidage (i.e., volume of void/total reactor volume).



Thus, the overall reaction rate ( r ) can be expressed, as a function of an overall dimensionless reaction rate ( ℜ ), as follows:


  r =  k  1 , h o m   ℜ  



(12)






  ℜ =  x  H A c   1.21    (   x  H A c    x  R O H   −    x E   x W     K  e q      )  +    k  1 , h e t      k  1 , h o m        (   x  H A c    x  R O H   −    x E   x W     K  e q      )       (  1 +  k  a d s , H A c    x  H A c   +  k  a d s , R O H    x  R O H   +  k  a d s , W    x W   )   2    α  



(13)








2.3. Membrane Transport Model


Osorio et al. [24] synthetized, characterized, and evaluated a hydrophilic silica membrane suitable for pervaporation, during the catalytic synthesis of isoamyl acetate, in a previous research study. A corresponding permeation model was developed using pervaporation experimental data and a Maxwell-Stefan approach to mass transfer as per Equation (14):


  −    c i    R T    ∇     T , P      μ i  =   ∑ j n      x i   N j  −  x j   N i     D  i j  e      +    x m   N i     D  i m      



(14)




where    c i    is the retentate concentration of the i species (mol/m3), R is the universal gas constant (J/(mol.K)), T is the temperature (K),    ∇     T , P      μ i    is the i species chemical potential gradient (J/mol), where the T and P subscripts indicate that this gradient is to be calculated at constant temperature and pressure, xi is the molar fraction of component i, Ni is the permeation flux through the membrane (mol/(m2.h)),    D  i j  e    is the effective molecular diffusivity (m2/h),    D  i m     is the diffusivity of i in the membrane (m2/h), and    x m    is the molar fraction of the stationary membrane material.



Considering that only membrane-component interactions are important in the permeation process and that    x m    approaches unity, Equation (14) can be simplified as Equation (15):


   N i  =  D  i m    (  −    c i    R T    ∇  T , P   μ  )   



(15)







Choosing water as a reference component, Equation (15) can be expressed as:


   N i  =   D ^  W  ×   D ˜  i   j i   



(16)






    D ˜  i  =    D  i m    c i     D W   c W    =     D ^   i m       D ^  W     



(17)






   j i  =  (  −  1  R T    ∇  T , P    μ i   )   



(18)




where     D ^  W    is the apparent molar diffusion coefficient for water in the membrane (m/h),     D ^  i    is the apparent molar diffusion coefficient of component i in the membrane (m/h), and ji is the molar flux of i (mol/(m2.h)).



In addition, the gradient of the chemical potential across the membrane thickness can be expressed as:


   μ i  =  μ i °  + R T l n  (   a i   )   



(19)






   ∇  T , P    μ i  = R T   d l n  (   a i   )    d z   ≅ R T   Δ l n  (   a i   )   z  = R T   l n  (     a i P     a i R     )   z   



(20)




where    a i R    is the liquid phase (retentate) activity of component I, which was calculated by using the aforementioned NRTL model,    a i P    is the vapor phase (permeate) activity of component i that was calculated using the Hayden-O’Connell model [25], and z is the membrane thickness (m). The substitution of Equations (18) and (20) into Equation (16) leads to:


   N i  = −   D ^  W  ×   D ˜  i    l n  (     a i P     a i R     )   z   



(21)







Furthermore, the diffusion coefficient inside the porous membrane material includes a correction factor for the permeant activity inside the membrane pores (approximated as the activity of the bulk retentate phase), which can be calculated according to the following expressions:


   D  i m   =  D  i m  ′  e x p  (   ∑   B i   a i R     )   c i   



(22)






     D  i m    z  =  D  i m  ′  e x p  (   ∑   B i   a i R     )   



(23)




where    D  i m  ′    and Bi are adjustable parameters for each component, as reported in Table 2. This proposed model was validated in the temperature range of 313 to 363 K and at the permeate pressure of 5 mbar.





3. Pervaporation Membrane Reactor Models and Anticipated Unit Configurations


Lim et al. [21] proposed a number of esterification process configurations involving catalytic reactors coupled with pervaporation units. The two basic types of unit arrangements considered involved: (a) A Continuous Stirred Tank Reactor (CSTR) and (b) A Packed Bed Reactor (PBR). Each type of reactor could be engineered with two different modes of operation: (i) an ex-situ separation, in which reaction and separation occurs in two separate units and (ii) an in-situ separation, in which both functions are accomplished in the same process unit.



On this basis, four resulting catalytic reactor configurations, with pervaporation membranes, are described in Figure 2 as follows: (Figure 2a) Configuration 1: a FBR+PVMU (Fixed Bed Reactor and Pervaporation Membrane Unit), (Figure 2b) Configuration 2: a SR+PVMU (Slurry Reactor and Pervaporation Membrane Unit), (Figure 2c) Configuration 3: an IFBPVMR (Integrated Fixed Bed and Pervaporation Membrane Reactor), (Figure 2d) Configuration 4: an ISPVMR (Integrated Slurry and Pervaporation Membrane Reactor). Regarding the proposed configurations, a 353 K isothermal operation is considered, given the low heat of the reaction and the best pervaporation yields anticipated [6,23].



Additionally, the following assumptions were adopted for the development of the mathematical models of the four proposed configurations:




	i.

	
Steady state operation.




	ii.

	
Constant density (liquid phase reaction).




	iii.

	
For all four PVMR configurations, the membrane is entirely unreactive (i.e., the reaction ends once the liquid mixture leaves the reaction unit). Transport resistance in the membrane support structure in the permeate side, and concentration polarization effects in the tube-side are considered negligible.




	iv.

	
The chemical species evolving in the reactor side in the FB, in both the FBR+PVMU (Configuration 1) and the IFBPVMR (Configuration 3) can be modeled using an ideal plug flow reactor model. This is acceptable given the proper selection of catalyst particle size and fluid dynamic conditions, making concentration changes, a function of the length of the reactor only.




	v.

	
The chemical species in the SR, in both the SR+PVMU (Configuration 2) and the ISPVMR (Configuration 4) unit can be simulated by using an ideal perfectly stirred tank reactor, with a uniformly suspended catalyst. This is suitable given the efficient stirring that guarantees that the catalyst density, composition, temperature, and reaction rate are constant throughout the reactor volume.




	vi.

	
For all four configurations, the chemical species transport in the pervaporator unit (permeate side) can be assumed to evolve with a plug flow pattern. This is adequate given the carefully selected inert particle sizes and fluid-dynamic conditions that allow species concentration changes to occur, in the unit axial position only. In the particular case of Configurations 1 and 2, this same assumption also applies to the retentate side of the pervaporator, given the loaded inert particles and fluid dynamics.









3.1. Modeling the Fixed Bed Reactor and Pervaporation Membrane Unit (FBR+PVMU) or Configuration 1


For the FBR+PVMU designated as Configuration 1, the molar balance for component i can be written as:


    d  F  i r     d V   =  υ i  ϕ  k  1 , h o m   ℜ  



(24)







With    F  ir     representing the molar flow rate of species i in the reactor (mol/h), V standing for the independent variable describing the reactor volume (m3) and υi denoting the stoichiometric coefficient for the “i” of chemical species.



One should note that the    F  ir   in     input flow to the reactor, can be calculated as, the addition of the fresh feed plus the fraction of the species flow recycled from the pervaporation unit effluent, as shown in Equation (25):


  V = 0 →  F  i r   =  F  i r   i n   =  F  R O H  0   θ i  + R  F  i m   o u t    



(25)




with θi being the ratio of the “i” molar flow over the incoming isoamyl alcohol molar flow and R (0 < R < 1) representing the ratio of the i-species recycled back molar flow over the    F  im   out     unit exiting reactor-membrane molar flow.



Furthermore, and as described in Figure 2a, the reactor effluent is fed directly to the pervaporator unit, with the differential molar balances of the i component in the retentate membrane side, being given by the following equation:


    d  F  i m     d A   =   D ^  W      D ˜  i   j i   



(26)




with A representing the independent variable accounting for the membrane surface area (m2).



In addition, the molar balance in the permeate membrane side (i.e., shell-side), under a co-current flow with respect to the retentate stream, can be simulated by using the following equation:


    d  F  i p     d A   =   D ^  W      D ˜  i   j i   



(27)







Furthermore, given the initial conditions for Equations (25) and (26), it is considered that the reactor output flow becomes the pervaporator input flow, as shown in Configuration 1, as follows:


  A = 0 →  F  i m   =  F  i m   i n   =  F  i r   o u t    



(28)






  A = 0 →  F  i p   =  F  i p   i n    



(29)







Equations (24)–(27) can be adimensionalized, using the Damköhler number (Da) and the membrane area to the reactor volume ratio (Ω), by taking advantage of the following dimensionless variables and parameters:


   Y  i r   =    F  i r      (  1 +  θ  H A c    )   F  R O H  0    ,  Y  i m   =    F  i m      (  1 +  θ  H A c    )   F  R O H  0    ,  Y  i p   =    F  i p      (  1 +  θ  H A c    )   F  R O H  0     



(30)






  ξ =  V   V  r e a c t o r      



(31)






    ζ =  A   A m     



(32)






   D a  =    k  1 , h o m   ϕ  V R     (  1 +  θ  H A c    )   F  R O H  0     



(33)






  Ω =     D ^  w   α m     k  1 h o m   ϕ    



(34)






   α m  =    A m     V  r e a c t o r      



(35)




where Am is the total membrane surface area (m2), ξ is the dimensionless reactor volume, ζ is the dimensionless membrane area, and Yir, Yim, and Yip are the dimensionless species molar flows in the reactor, in the membrane tube-side, and in membrane shell-side, respectively.



Thus, the set of modeling equations for the FBR+PVMU, in terms of dimensionless variables, is as follows:


    d  Y  i r     d ξ   =  D a       υ i  ℜ  



(36)






    d  Y  i m     d ζ   = −  D a       Ω     D ˜  i   j i   



(37)






    d  Y  i p     d ζ   = −  D a       Ω     D ˜  i   j i   



(38)








3.2. Modeling the Slurry Reactor and the Pervaporation Membrane Unit (SR+PVMU) or Configuration 2


In the case of Configuration 2, Figure 2b, the molar balance for component i in the slurry reactor can be represented by an algebraic equation as follows:


   F  i r   o u t   −  F  i r   i n   =  υ i  ϕ  k  1 , h o m   ℜ  V R   



(39)




or alternatively the above dimensionless variables and parameters from Equations (30)–(35) can be substituted into Equation (39), as follows:


   Y  i r   o u t   −  Y  i r   i n   =  υ i   D a  ℜ  



(40)







Furthermore, and for the case of Configuration 2, the same mathematical model from Configuration 1 applies to the pervaporate unit. Thus, Equations (37) and (38) developed for Configuration 1 can be also used in the simulations.




3.3. Modeling an Integrated Fixed Bed and Pervaporation Membrane Reactor (IFBPVMR) or Configuration 3


In the case of Configuration 3 described in Figure 2c, both the chemical reaction and the pervaporation occur simultaneously, in the retentate phase side of the unit. Given that plug flow assumptions can be adopted here, as discussed earlier, the following differential equations can be considered to calculate the IFBPVMR unit performance as a function of the reactor volume, V:


    d  F  i r     d V   =  υ i  ϕ  k  1 , h o m   ℜ −  α m    D ^  W    D ˜  i   j i   



(41)







By employing dimensionless variables and parameters, given by Equations (30)–(35), Equation (41) can be modified as follows:


    d  Y  i r     d ξ   =  D a   (   υ i  ℜ − Ω   D ˜  i   j i   )   



(42)







Additionally, when considering a plug flow pattern, in the permeate side of the unit, a non-dimensional molar balance leads to the following expression:


    d  Y  i p     d ξ   = Ω   D ˜  i   j i   



(43)







Thus, Equations (42) and (43) can be used for the simulation of the IFBPVMR, designated as Configuration 3.




3.4. Modeling an Integrated Slurry and Pervaporation Membrane Reactor (ISPVMR) or Configuration 4


Configuration 4 can be modeled assuming complete mixing of chemical species in a catalyst suspended slurry. In this case, the pervaporation membrane is engineered as a membrane module, placed inside a reactor unit (Figure 2d). Given that the concentration and temperature are constant throughout the reactor, a retentate material balance for component i can be established as follows:


   F  i r   o u t   −  F  i r   i n   =  υ i  ϕ  k  1 , h o m   ℜ  V R  −  (   F  i p   o u t   −  F  i p   i n    )   



(44)







One should note that the    (   F  i p   o u t   −  F  i p   i n    )    term in Equation (44) represents the difference of the i molar flow output minus the i molar flow fed as a sweep fluid, both in the permeate side. This difference is the equivalent to the amount of i, removed through the pervaporation membrane.



In order to compute the    (   F  i p   o u t   −  F  i p   i n    )    difference, an additional i component balance can be considered by assuming a plug flow pattern in the permeate side of the unit as follows:


    d  F  i p   o u t     d A   =  N i   



(45)






   F  i p   o u t   −  F  i p   i n   =   ∫   N i  d A    =  N i   A m   



(46)




where the flux    N i    is considered as a variable independent of the membrane area.



Strictly speaking, membrane fluxes depend on both the retentate side and permeate side species concentrations. However, if the retentate side flow is high enough, the retentate composition can be considered to be constant, over the well mixed tank immersed membrane. By substituting Equation (46) into Equation (44), while using non-dimensional variables (Equations (30)–(35)), the following equation is obtained:


   Y  i r   o u t   −  Y  i r   i n   =  D a   (   υ i  ℜ − Ω   D ˜  i   j i   )   



(47)







Thus, Equations (43) and (47) can be employed for the numerical simulation of Configuration 4.





4. Dimensionless Numbers and Design Variables


Since pervaporation membranes are, in practice, not perfectly selective to water, small amounts of other substances can diffuse to the permeate membrane side, leading to chemical species “leaking”. In order to account for chemical species “leaking”, modification of simulation equations is needed to calculate: (a) the limiting reactant conversion in the reactors [26], and (b) the product yield, which accounts for the amount of ester produced that is obtained in the retentate.



On this basis, the overall conversion (X) and the ester yield (RE)), including the “leaking”, can be computed by employing Equations (48) and (49), respectively:


    X   =    F  R O H  0  −  [   F  R O H   o u t   +  (   F  R O H p   o u t   −  F  R O H p   i n    )   ]     F  R O H  0            = 1 −  [   Y  R O H r   o u t   +  (   Y  R O H p   o u t   −  Y  R O H p   i n    )   ]   (  1 +  θ  H A c    )      



(48)






  R E =    F E  o u t   −  F E 0     F  R O H  0    =  (   Y E  o u t   −  Y E o   )   (  1 +  θ  H A c    )   



(49)




with    F  R O H  0    being the molar flow of isoamyl alcohol fed to the reactor,    F  R O H   o u t     representing the molar flow of isoamyl alcohol leaving the unit unreacted, (   F  R O H p   o u t   −  F  R O H p   i n    ) representing the leaked isoamyl alcohol molar flow in the membrane unit, and (   F E  o u t   −  F E 0   ) denoting the ester molar flow produced in the reactor.



Furthermore, and for every one of the configurations considered in the present study, it is valuable to define the ranges of expected dimensionless numbers. Given that the reaction rate constants and membrane permeability are set parameters, at a 353 K, their values can be substituted into the equations that define the respective dimensionless numbers (Equations (30)–(35)). With this information, catalyst mass, reactor volume, and membrane area design parameters can be calculated.



Table 3 reports the various relationships between the design variables and the dimensionless numbers, as well as their expected ranges in the isoamyl acetate synthesis, based on our experimental data [20,23,24], or the data from others [27,28,29,30]. One should note that αm = Am/VR is a key design parameter required to determine the reactor geometry and to establish if an in-situ configuration is viable. This is the case given that only a limited range of αm values can be obtained for a specific type of configuration, in which both reaction and membrane separation are occurring simultaneously. Another parameter of interest is DW = DaΩ. DW is not independent of the other design parameters, since it directly assesses the membrane area available for a given feed flow. In fact, the higher the DW value, the higher the water removal capacity for a specific configuration. In addition, and in this context, Da is a parameter representing a dimensionless reactor size, with the membrane cost in an ex-situ configuration being directly related to DW values.




5. Results and Discussion


The membrane pervaporation reactor models were solved using the software MatLab®. Simulations were developed at 353 K isothermal conditions, using a θHAc = 1 stoichiometric feed ratio and the membrane data reported in Table 3. In these simulations, and for units where Ω = 0, or for units without pervaporation membranes, the following can be assumed: (1) the isoamyl alcohol reaction equilibrium conversion is 69%, (2) Da,95%PBR Damköhler numbers of 0.316 and 3.49 are obtained at a 95% isoamyl alcohol equilibrium conversion when R = 0, for PBR and CSTR units, respectively.



5.1. FBR+PVMU (Configuration 1)


Figure 3a–d report both the isoamyl alcohol conversion and ester yield in an FBR+PVMU (Configuration 1), as a function of the retentate R recycle ratio, the Ω membrane area to reactor volume ratio, and the Da Damköhler number. As shown in Figure 3a,c, having a large Damköhler number (e.g., Da = 12) and R = 0, yields a 69% isoamyl alcohol conversion in an FBR, for all the Ω values considered. On the other hand, one can notice that high R values lead to overall isoamyl alcohol conversions and ester yields, close to the ones obtained in a well-mixed stirred tank reactor. This is also the case when high Ω parameters are considered, given that they positively affect reactor performance.



Figure 3a shows that augmenting the R value influences isoamyl alcohol conversion at Ω = 0 slightly negatively, given that reaction rates modestly decrease as the R increases. This is consistent with the case that uses a recycled feed, rich in isoamyl alcohol and acetic acid reactants, and isoamyl acetate and water products.



In addition, Figure 3a also reports that the feed conversion is a function of the DW parameter, included in the Ω parameter. Thus, as a result, larger DW values improve the isoamyl alcohol conversion via water removal. This is especially the case when the FBR reactor operates at near isoamyl alcohol equilibrium conversion conditions. One should note, however, that this reported effect, can also adversely influence the isoamyl alcohol conversion due to the loss of permeate components. For instance, if the Ω parameter is set to 0.004 or alternatively to 0.008, which correspond to small DW values, a Da larger than the Da,95%PBR (Da in a PBR for 95% conversion) can be obtained. At these conditions, the isoamyl alcohol conversion increases progressively with the R recycle ratio. On the other hand, at intermediate Dw values, the isoamyl alcohol conversion and ester yield display maximum values (not shown here), with these maximum values consistently being obtained at the highest R values. These maximum isoamyl alcohol conversions and ester yields cannot be obtained, however, for very large Dw, given that the isoamyl alcohol conversions and the ester yields increase monotonically with the R parameter.



As a result, from the above observations, design criteria for the FBR+PVMU (Configuration (1) can be drawn as follows: (a) the selected recycle ratio (R) must be less than or equal to an R* value yielding the maximum ester yield, (b) at high values of Dw, the R* becomes 1 and no R optimization process is needed.



Furthermore, quantification of ester losses through the membrane can be obtained by comparing the isoamyl alcohol conversions to the ester yields shown in Figure 3a–d. At R = 0, the isoamyl alcohol conversion is independent of the membrane area, achieving no benefit from the use of a pervaporator unit. The ester yield decreases slightly, however, with an increasing Ω, due to the greater losses of products, in the permeate unit side. In this respect, it is noticed that ester losses rise as the Dw augments. The loss of reagents also increases significantly when the R recycle ratio increases. This explains why the different lines in the graphs of Figure 3a,c representing isoamyl alcohol conversion, for two consecutive values of Ω, intersect each other. Although not shown in Figure 3a–d, these lines do not cross each other when the reactant permeability is zero. One should notice that increasing the Da tends to counterbalance the negative influence of the recycle ratio, with high Da values, leading to isoamyl alcohol conversions exceeding the reaction equilibrium conversion values.



Figure 4 reports the dimensionless flow profiles in the FBR+PVMU (Configuration 1), as a function of Ω (Figure 4a,b) and Da (Figure 4c,d) parameters, at a 0.5 recycle ratio. One can observe in Figure 4a–d, that in an FBR+PVMU, configuration reactant and ester flows are similar to those in a conventional FBR, although the isoamyl alcohol conversion is higher. These reactant flows approach asymptotic values, with increasing Ω and Da, given that product recirculation prevents one from obtaining a complete isoamyl alcohol conversion, regardless of reactor size. One should note as well that while in an FBR, at the reactor outlet, the chemical species are very close to reaction equilibrium (Ω = 0). However, for Ω values larger than zero, the FBR+PVMU configuration can be obtained better than equilibrium values.



Figure 4c also shows a maximum water flow at the retentate outlet, when the Damköhler number increases. This is the result of two opposite effects: (a) isoamyl alcohol is converted in the reactor and therefore water production rises, (b) the membrane area augments and thus, the water removal capacity increases. Due to the occurrence of this maximum water outflow, there are two possible ways to obtain a low water concentration, in the retentate unit side: (1) by operating the retentate unit side at low Da values, to ensure that isoamyl alcohol conversion remain low, (2) by operating the retentate unit side at high Da values to ensure that isoamyl alcohol conversion and water removal remain high (Figure 4d). To increase ester production, however, the second option is the desirable one. This provides a design criterion for any type of membrane reactor: to choose a Da > Da*, with Da* being the value at which the water concentration reaches a maximum level.




5.2. SR+PVMU (Configuration 2)


Isoamyl alcohol conversions and ester yields in a conventional CSTR are independent of the recycle ratio, as shown in Figure 5c,d, for Ω = 0. However, for the SR+PVMU (Configuration 2) equipped with membrane pervaporation, the higher the R recycle values, the higher the isoamyl alcohol conversion, with no isoamyl alcohol conversion maximum observed, in the range of conditions studied.



Furthermore, regarding the dimensionless flows in the SR+PVMU reported in Figure 6, similar considerations apply as those reported for the FBR+PVMU. The difference here, however, is that the ester yield flow for the SR+PVMU stabilizes at a lower level, than that in the FBR+PVMU.



In this respect, if one compares the results obtained in the SR+PVMU (Configuration 2) versus those obtained in the FBR+PVMU (Configuration 1), the following can be observed: (a) for the same dimensionless parameters, the isoamyl alcohol conversion in a FBR+PVMU is always greater than in a SR+PVMU, (b) when R approaches 1, both configurations produce the same isoamyl alcohol conversion but different ester yields, (c) for an increasing R, the isoamyl alcohol conversion in a SR+PVMU and a FBR+PVMU, both depend on Ω and Da, and (d) for intermediate R values, reactant losses lead to a maximum isoamyl alcohol conversion.




5.3. IFBPVMR (Configuration 3)


When evaluating the performance of integrated reactors, such as that of Configuration 3, one can observe a significant difference when compared to the performance of coupled units, such as that of Configurations 1 and 2. Integrated units allow one to remove the unwanted species as soon as they are formed. As result, with integrated reactors, it is possible to achieve significantly higher conversions than in coupled units. Performance in integrated units, however, is limited by the reagents’ leakage to the permeate membrane side. Given that permeate species recirculation promotes leaking, permeate recycle in the IFBPVMR is considered unsuitable. In this case, the Da and Ω parameters must be carefully selected via a parametric sensitivity analysis, in order to obtain high isoamyl alcohol conversions and ester yields.



Figure 7a describes how the isoamyl alcohol conversion increases with an enlargement of both the reactor size (given by Da) and the specific membrane area (given by Ω). The isoamyl alcohol conversion reaches values close to 0.98, for Ω values larger than 0.004, when the selected Da surpasses a minimum Da value. On the other hand, for Ω values lower than 0.004, the isoamyl alcohol conversions significantly decrease at all Da values, due to the greater losses of ester. Furthermore, when the IFBPVMR (Configuration 3) and the FBR+PVMU (Configuration 1. R = 0.5) performances are compared, one can observe that in the IFBPVMR case, the isoamyl alcohol conversion is enhanced (e.g., for the same Ω = 0.008 and Da = 12 values). This is a result of the yield ester losses reduction that occurs in the IFBPVMR, as shown in Figure 3 and Figure 7.



Figure 7b reports ester yields at various Da and Ω values, allowing one to establish the following design criterion for the IFBPVMR(Configuration 3): the Ω value should exceed Ω* = 0.004, with Ω* being the lowest value at which a maximum ester yield is achieved for a set Da.



Figure 8 reports species dimensionless flows (Yi) as a function of the Da reactor parameter, for three specifics Ω membrane areas. It can be observed that there is a common maximum water flow, with the    Y   H 2  O     decreasing as the Da and Ω membrane area increase. Given that an ideal esterification membrane reactor should produce pure ester in the retentate stream, it can be concluded (by comparing the output flows in Figure 4 and Figure 8), that the IFBPVMR (Configuration 3) can provide a close to ideal esterification. For example, with a Ω = 0.008 and a Da = 12, the ester yield stands at 95.3% and a conversion of 96.5% is reached, with the product having a 95% (molar) or 97% (mass) ester purity.




5.4. ISPVMR (Configuration 4)


The ISPVMR (Configuration 4) offers an alternate integrated arrangement. As shown in Figure 9a,b, the ISPVMR displays similar isoamyl alcohol conversions and ester yields trends as the IFBPVMR (Configuration 3) as follows: (a) Minimum Ω and Da values are required to reach the highest isoamyl alcohol conversions, (b) Optimum ester yields are obtained for specific sets of Ω and Da parameter values. However, when comparing Figure 7 and Figure 9, in the ISPVMR, at similar operation conditions, the isoamyl alcohol conversion is always lower than that obtained in the IFBPVMR.



Figure 10 also displays Yi dimensionless flows with similar trends, for the ISPVMR (Configuration 4) and the IFBPVMR (Configuration 3). One can notice, however, that the ester recovered in the retentate membrane side of the ISPVMR has a lower purity than the one obtained in the IFBPVMR, at similar operating conditions.



Thus, for the ISPVMR (Configuration 4), the isoamyl alcohol conversion increases monotonically, with the Da. At a given Da* value, however, ester yields display a maximum, at a specific Da*. On this basis, the following design guideline can be established: For a specific Ω, select a Da* value that provides high isoamyl alcohol conversions and simultaneously a maximum ester yield.




5.5. Summary of Design Criteria


Based on the simulation results presented in this study, it is possible to establish design criteria (heuristics) for the development of isothermal membrane reactors, required for the liquid-phase esterification of acetic acid with isoamyl alcohol (using a silica membrane and an Amberlite IR-120 ion exchange resin as a catalyst). These design criteria can be summarized as follows:




	
The membrane reactor design should have, as a main objective, to enhance ester yield, with less consideration given to the conversion of the limiting reagent.



	
The design of a membrane reactor for liquid phase esterification can only be considered suitable if the ester yield surpasses chemical equilibrium values, achieved in conventional reactors (e.g., unit without membrane).



	
The specific design selected must ensure that a retentate water concentration is low enough not to require further ester purification by azeotropic distillation.



	
The simulations of the different catalytic reactor-pervaporator membrane configurations show that the one which performs best is the integrated IFBPVMR (Configuration 3), which demonstrates that: (a) for a set Da, there is a best Ω*, where the ester yield becomes a maximum, (b) for a set Ω, there is an optimum Da*, at which the ester yield reaches a maximum level, (c) for a set Ω, there is a Da* where the retentate water mole fraction reaches a highest value.



	
The simulation of the best performing integrated IFBPVMRs further confirms that for set Ω and Da values in a reactor with recycle, there is an R* at which the ester yields reach maximum levels.








By using these criteria, it is possible to develop charts that provide guidelines to design membrane reactors, such as values of Ω and Da (Figure 11, Figure 12, Figure 13 and Figure 14). They should include contours of constant ester yields (solid lines) and constant retentate water mole fractions (dashed lines), as functions of Ω and Da. By using these charts in conjunction with Table 3, and the proposed criteria developed here, it is possible to design a pervaporation membrane reactor to achieve a given production target, such as a desired ester yield or an isoamyl alcohol conversion. A suggested algorithm to accomplish this task is as follows:



Step 1: Choose the desired output ester yield and the maximum output water fraction required in the retentate.



Step 2: Select the corresponding design chart for a given membrane reactor type, as reported in Figure 11, Figure 12, Figure 13 and Figure 14, with this being either Configuration 1 (FBR+PVMU), Configuration 2 (SR+PVMU), Configuration 3 (IFBPVMR), or Configuration 4 (ISPVMR). If possible, always choose in situ configurations over ex situ configurations, fixed bed flow reactors over perfectly mixed slurry reactors. The IFBPVMR is always a best preferred reactor configuration choice.



Step 3: Locate the desired ester yield line in the appropriate graph and determine the lowest values of Da, Ω, and R (if required) that allow achieving the desired ester yield, in agreement with the criterion of obtaining a maximum water fraction in the retentate.



Step 4: Check if the obtained value of Ω is in the allowed parameter range using Table 3. If the value is too high to be achieved in an in-situ configuration, switch to an ex-situ configuration and repeat the procedure or try a lower value of Ω and a higher Da.



Step 5: Once this iterative process is complete, one can calculate the possible isoamyl alcohol conversion and ester yield.



To illustrate the applicability of the proposed method, first refer to the results presented in Figure 13 (for IFBPVMR). Consider the expected design parameter range: 0.31 < Da < 15 and 10−4 < Ω < 5 × 10−3, as shown in Table 3. One can see that at such conditions, ester yields and water retentate molar fractions are restricted to 0.7 and 0.3 values, respectively, as shown in Figure 13. These values are considered good pervaporator membrane reactor performance. It should be noted that Figure 13 also provides information about the water permeability required to increase ester yields up to 0.94 maximum values, in the IFBPVMR (Configuration 3), while keeping a constant Da. It is noteworthy to mention that this high yield can be obtained in Configuration 3, via an important increase of the Ω parameter up to 1.5 × 10−2, which is consistent with the Ωs reported in Table 3 (10−9 < Ω < 0.44 with 0.29 < Da < 15). Thus, the present study establishes desirable and attainable goals, for new IFBPVMR units, where a significant number of internal tubes holding membranes are implemented.





6. Conclusions


In this study, design criteria were developed for four different configurations of isothermal catalytic membrane reactors based on realistic thermodynamic, kinetic, and permeation models, specifically developed for the esterification of acetic acid with isoamyl alcohol, catalyzed by Amberlite IR-120. Computations were considered in the context of these four different process configurations with pervaporation membranes place inside (in situ) and outside (ex situ) the reactor units.



Simulations showed that catalytic membrane reactors, if properly designed, may exceed isoamyl alcohol reaction chemical equilibrium. However, their performance may be affected by reagent leaks to the permeate stream, limiting, in practice, achievable isoamyl alcohol conversions. Thus, it is preferable to base reactor performance on ester yield and retentate water molar fractions.



It is demonstrated in this research, that the Integrated Fixed Bed and Pervaporation Membrane Reactor (IFBPVMR) or Configuration 3 is a preferred option over the continuously integrated mixed slurry pervaporation membrane reactor (ISPVMR), given that it has the potential of delivering 94% high ester yields through innovative membrane designs.
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Nomenclature




	
A

	
Membrane area (m2)




	
Am

	
Total membrane area (m2)




	
a

	
NRTL adjustable parameter (-) in Equation (2).

Thermodynamic activity (-) in Equations (19)–(23).




	
B

	
correction factor for the permeant activity inside the membrane (-)




	
b

	
NRTL adjustable parameter (K)




	
c

	
NRTL adjustable parameter (-)




	
ci

	
Retentate concentration of the i species (mol/m3)




	
D

	
Diffusion coefficient (m2/h)




	
D′

	
Apparent molar diffusion coefficient in the membrane (m/h)




	
Dim

	
Diffusivity of i in the membrane (m2/h)




	
Da

	
Damköhler number (-)




	
d

	
NRTL adjustable parameter (K−1)




	
e

	
NRTL adjustable parameter (-)




	
F

	
Molar flow (mol/h)




	
f

	
NRTL adjustable parameter (K−1)




	
G

	
NRTL Excess Gibbs Energy (J/mol)




	
ji

	
Molar flux of I (mol/(m2.h))




	
Keq

	
Equilibrium constant (-)




	
k1,hom

	
Kinetic constant for homogeneous reaction (mol/L.h)




	
k1,cat

	
Kinetic constant for catalytic reaction (mol/gcat.h)




	
N

	
Flux of permeation trough membrane (mol/m2.h)




	
P

	
Pressure (bar)




	
  ℜ  

	
Overall reaction rate (-)




	
R

	
Universal gas constant (J/mol*K) in Equations (15) and (18)–(20). Recycle ratio (-) fraction of the molar flow of i species exiting the reactor-membrane-unit,    F  im   out     (mol/h), recycled back to reactor entrance, 0 < R < 1).




	
RE

	
Ester yield (-)




	
r

	
Reaction rate (mol/Lh for homogeneous or mol/gh for heterogeneous reaction)




	
s

	
+1 for countercurrent flow and −1 for parallel flow




	
T

	
Temperature (K)




	
V

	
Reactor volume (L)




	
Vcat

	
Volume of catalyst used (m3)




	
VR

	
Total reactor volume (L)




	
Wcat

	
weight of catalyst used (kg)




	
X

	
Overall reactant conversion (-)




	
x

	
Liquid phase molar fraction (mol/mol)




	
Y

	
Dimensionless molar flow/Molar flow of “i” species/Total molar flow (-)




	
z

	
Membrane thickness (m)




	
Greek symbol




	
α

	
NRTL Non-randomness parameter (-)




	
αm

	
membrane area/reactor volume ratio (m2/L)




	
γ

	
Activity coefficient (-)




	
ε

	
Packed bed porosity (L/L)




	
θ

	
Acetic acid/Isoamyl alcohol molar feed ratio (-)




	
μ

	
Chemical potential (J/mol)




	
ν

	
Stoichiometric coefficient (mol/mol)




	
ξ

	
Dimensionless reactor volume coordinate (-)




	
ρbulk,cat

	
Bulk density of solid catalyst (g/L)




	
ρcat

	
Density of solid catalyst (g/L)




	
ζ

	
Dimensionless membrane area coordinate (-)




	
τ

	
NRTL binary interaction parameter (-)




	
  ϕ  

	
Reactor voidage (volume of void/total reactor volume)




	
Ω

	
Dimensionless membrane area/reactor volume ratio (-)




	
Superscripts




	
e

	
Effective




	
i

	
Component




	
in

	
Input




	
j

	
Component




	
n

	
Total number of components




	
°

	
Reference state/fresh feed




	
out

	
Output




	
P

	
Permeate




	
R

	
Retentate




	
Subscripts




	
A

	
Limiting reactant




	
B

	
Reagents feed ratio




	
Cat

	
Catalyst




	
E

	
Ester




	
HAc

	
Acetic acid




	
i

	
Component




	
im

	
Component i flowing through the membrane section




	
k

	
Number of components




	
m

	
membrane




	
ROH

	
Isoamyl alcohol




	
r

	
Reactive retentate




	
p

	
Permeate




	
W

	
Water




	
Abbreviations




	
HOC

	
Hayden-O’Connell




	
CSTR

	
Continuous Stirred Tank Reactor




	
FBR+PVMU

	
Fixed Bed Reactor and Pervaporation Membrane Unit




	
SR+PVMU

	
Slurry Reactor and Pervaporation Membrane Unit




	
IFBPVMR

	
Integrated Plug Flow Pervaporation Membrane Reactor




	
ISPVMR

	
Integrated Slurry and Pervaporation Membrane Reactor




	
NRTL

	
Non-Random Two Liquid




	
PFR

	
Plug Flow Reactor




	
PFPVMR

	
Plug Flow Pervaporation Membrane Reactor




	
PVMRs

	
Pervaporation membrane reactors
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Figure 1. Conversion of Acetic Acid with Isoamyl Alcohol. 
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Figure 2. 3D Schematic description of the configurations of the four membrane reactors considered. (a) Configuration 1: a FBR+PVMU (Fixed Bed Reactor and Pervaporation Membrane Unit), (b) Configuration 2: a SR+PVMU (Slurry Reactor and Pervaporation Membrane Unit), (c) Configuration 3: a IFBPVMR (Integrated Fixed Bed and Pervaporation Membrane Reactor), (d) Configuration 4: a ISPVMR (Integrated Slurry and Pervaporation Membrane Reactor). 
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Figure 3. Influence of the R recycle ratio on isoamyl alcohol conversion and ester yield in a FBR+PVMU (Configuration 1), as a function of the Ω parameter (a,b) and the Da Damköhler number (c,d). 
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Figure 4. Outlet dimensionless flows in the reactor (solid symbols) and in the pervaporator (symbols with no fill) for an FBR+PVMU (Configuration 1) as a function of Ω (a,b) and Da (c,d). R = 0.5. 
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Figure 5. Influence of the R recycle ratio on isoamyl alcohol conversion and on the ester yield in a SR+PVMU (Configuration 2), as a function of the Ω membrane area to the reactor volume ratio (a,b) and the Da Damköhler number (c,d). 
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Figure 6. Outlet dimensionless species flows in the reactor (solid symbols) and in the pervaporator (symbols with no fill) when using a SR+PVMU, as a function of Ω (a,b) and Da (c,d). Notes: for (a–d) R = 0.5 and isoamyl alcohol and acid symbols superimpose each other given that the selected stochiometric ratio at feed conditions is 1. 
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Figure 7. Conversion and ester yield profiles in a IFBPVMR (Configuration 3) as a function of: (a) the Da dimensionless number and (b) the  Ω  dimensionless number. 
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Figure 8. Dimensionless species outlet flows in the retentate side, as a function of the Da, for a Ω = 0.0075 (dashed line), a Ω = 0.008 (solid line), and a Ω = 0.01 (dotted line), when using a IFBPVMR (Configuration 3). Note: Lines in the diagram representing isoamyl alcohol and acetic acid superimpose each other given that the selected stochiometric ratio at feed conditions is 1. 
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[image: Catalysts 13 00284 g008]







[image: Catalysts 13 00284 g009 550] 





Figure 9. Isoamyl alcohol conversion (a) and ester yield (b) profiles in a ISPVMR (Configuration 4), as a Function of Da and Ω. 
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Figure 10. Dimensionless species outlet flows in a ISPVMR, in the retentate side, as a function of the Da for: Ω = 0.022 (dashed spacing), Ω = 0.03 (solid line), and Ω = 0.035 (dotted line), delivering ester with less purity than for the IFBPVMR. Note: Isoamyl alcohol and acetic acid symbols superimpose each other given that the selected stochiometric ratio at feed conditions is 1. 
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Figure 11. FBR+PVMU (Configuration 1) simulation charts: (a) Da = 12 (left side), (b) Ω = 0.008. Notes: (i) Ester yields: continuous lines, (ii) Retentate water molar fractions: dashed lines. 
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Figure 12. Design charts for a SR+PVMU (Configuration 2) with (a) Da = 12 and (b) Ω = 0.008. Notes: (i) Ester yields: continuous lines, (ii) Retentate water molar fractions: dashed lines. 
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Figure 13. Design chart for IFBPVMR (Configuration 3). Notes: (i) Ester yields: continuous lines, (ii) Retentate water molar fractions: dotted lines. 
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Figure 14. Design chart for ISPVMR (Configuration 4). Notes: (i) Ester yields: continuous lines, (ii) Retentate water molar fractions: dotted lines. 
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Table 1. NRTL model parameters for acetic acid/isoamyl alcohol/isoamyl acetate/water mixtures (with permission from [8]).






Table 1. NRTL model parameters for acetic acid/isoamyl alcohol/isoamyl acetate/water mixtures (with permission from [8]).





	
i

	
Water *

	
Water

	
Water

	
Acid

	
Acid

	
Alcohol




	
j

	
Acid *

	
Alcohol

	
Acetate

	
Alcohol

	
Acetate

	
Acetate






	
aij

	
3.3293

	
1.5598

	
0.3194

	
0.4521

	
−0.6992

	
0.1291




	
aji

	
−1.9763

	
−1.0959

	
−2.5596

	
1.1307

	
0.0741

	
1.5083




	
bij

	
−723.8881

	
1096.2001

	
1180.3569

	
−335.9220

	
74.0710

	
−229.6133




	
bji

	
609.8886

	
166.2337

	
996.9415

	
−53.1049

	
440.9815

	
−311.0556




	
cij *,**

	
0.3

	
0.2

	
0.2

	
0.3

	
0.3

	
0.3








* Non-correlated parameters. Values taken from ASPEN Plus® simulator data base. ** The dij, eij, fij NRTL model parameters were set at zero.
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Table 2. Permeation model parameters of a hydrophilic silica membrane for the pervaporation of an acetic acid, isoamyl alcohol, isoamyl acetate, and water mixture.
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	Component
	    D  i m  ′     (m/h)
	Bi (1/Bar)





	Acetic acid
	1.56 × 10−6
	−35.365



	Isoamyl alcohol
	3.03 × 10−6
	−12.096



	Isoamyl acetate
	3.52 × 10−6
	89.747



	Water
	9.60 × 10−4
	−2.951
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Table 3. Dimensionless numbers and design variable ranges at 353 K, with a θHAc = 1 (stoichiometric amount of fed reactants) for the esterification reaction of acetic acid with isoamyl alcohol.






Table 3. Dimensionless numbers and design variable ranges at 353 K, with a θHAc = 1 (stoichiometric amount of fed reactants) for the esterification reaction of acetic acid with isoamyl alcohol.





	Dimensionless Number
	Design Variables
	Equation in Terms of

Design Variables at 353 K
	Expected Order of Magnitude





	    D a  =    k  1 , h o m   ϕ  V R     (  1 +  θ  H A c    )   F  R O H  0      
	       V R     F A 0    ,      θ  H A c   ,     ϕ       **
	   D a  = 2.2988  〈    m o l   L . h    〉  ×   ϕ  V R     (  1 +  θ  H A c    )   F  R O H  0                 ◊

   D a  =  {  0.015 − 5.646  }   〈    m o l   L . h    〉  ×   ϕ  V R     (  1 +  θ  H A c    )   F  R O H  0       ‡
	  0.31 <  D a  < 15             ◊

  0.29 <  D a  < 15             ‡



	   Ω =     D ^  w   A m     k  1 , h o m   ϕ  V R      
	      A m     V R      
	  Ω = 47.423 ×  10  − 3    〈 m 〉  ×    A m    ϕ  V R                     ◊

  Ω =  {  1.7 ×  10  − 7     −   405  }   〈 m 〉  ×    A m    ϕ  V R                ‡
	  1  0  − 4       <     Ω     <     5 × 1  0  − 3        ◊

  1  0  − 9   <   Ω     <     0.44          ‡



	     D ˜  i  =     D ^   i m       D ^  w      
	-
	    D ˜  i  =  [  2.42  e  − 4   ; 2.22  e  − 4   ; 4.45  e  − 4   ; 1  ]             *
	   2 × 1  0  − 4   <   D ˜  i  ≤ 1   







*     D ˜  i    can be defined for acetic acid, isoamyl alcohol, isoamyl acetate, and water. ** ϕ is set at 0.44 for the FBR+PVMU (e.g., typical for a packed bed reactor). In the SR+PVMU, the ϕ value can range, however, between 0.44 to 1. Here, a 0.97 value is assumed, which is equivalent to 5% of the catalyst loading in the CSTR. ◊ Original own data [20,23,24]. ‡ Values based on reported information [27,28,29,30].
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