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Abstract — Separating a mixture having an azeotrope or low relative volatility with single distillation column is diffi-
cult. Separating water-acetic acid mixture and water-ethanol mixture with a distillation column consumes a lot of energy.
Pervaporation membrane can be used to separate the mixture in the concentration region where separation is difficult
with distillation. We simulated a distillation-membrane hybrid process where membrane is located on the head of the
distillation column for efficient separation of water-acetic acid and water-ethanol mixture. Permeability data were
obtained from experiments and literature. We formulated an optimization problem for the process with total annual cost
(TAC) as an objective function and major design variables as optimization variables. Major optimization variable affecting
TAC of the hybrid process was shown to be distillate concentration. We also suggested a simplified optimization pro-
cedure to get a close-to-optimal solution.
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Fig. 1. Vapor-liquid equilibrium graph of membrane-distillation hybrid
process: (a)water-acetic acid separation, (b) water-ethanol sep-
aration.
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Table 1. Binary parameters regressed using NIST thermo engine data
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Table 2. Component parameters used for calculation of activity coefficients
and vapor pressure (1: water, 2: ethanol)

Component r q A Ay
Water 0.95 1.4
319.8115 -6.5974
Ethanol 2.1055 1.972
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Fig. 2. Schematic diagrams for: (a) water-acetic acid separation process, (b) water-ethanol separation process.
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Table 3. Experimental results of PVDF coated pervaporation membrane
for water-acetic acid separation

Mass f?actic.m of Pressure Pe_l;meab?ility Separat.ion
acetic acid (10 g/m~Pah) coefficient
0.05 1 bar 126 14744 6.17
0.1 1 bar 205 14103 7.63
0.15 1 bar 238 18523 13.74
0.2 1 bar 136 10440 19.15
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Energy consumption (btu/h) 1605035 346905.9
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Capital cost of membrane module ($) 65891.4 7689.843
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Fig. 7. Effect of distillate concentration of ethanol separation process: (a) total annual cost, (b) total capital cost, (c) capital cost of distillation
column, (d) capital cost of membrane module, (e) total operation cost.
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Table 5. Heat and mass flow chart of water-acetic acid separation process

X 0.82 0.85 0.86

F,, (kg/h) 366.10 148.96 124.40

Fp (kg/h) 325.71 108.58 84.02

Fp(kg/h) 4038 4039 4038

R 0.03 231 333

L (kg/h) 921 344.47 413.66

Total reflux rate (F+L)(kg/h) — 334.92 453.05 497.68
Q. (Btw/h) 687,700  -929,593 1,022,944
Qg (Btwh) 750,017 960,190 1,049,948

Table 6. Heat and mass flow chart of water-ethanol separation process

X, 0.82 0.828 0.86
F,, (kg/h) 71.55 69.45 66.03
F, (kg/h) 49.87 4991 49.96
F, (kg/h) 21.68 19.54 16.07
R 0.55 115 7.25
L(kg/h) 39.63 80.11 478.77
Total reflux rate (F+L)(kg/h) 6131 99.66 494.84
Q. (Btw/h) -118,147  -155245  -541,735
Q, (Btw/h) 130,617 167,502 553,640

Table 7. Comparison of Optimization algorithm and simplified algorithm
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Water-acetic acid separation process

Water-ethanol separation process

Optimization Simplified optimization Optimization Simplified optimization
Optimal column total stages 14 14 6 6
Optimal feed stage 7 6 3 3
Optimal reflux stream stage 2 2 4 3
Optimal mass fraction of ethanol from distillate 0.82 0.82 0.828 0.827
Total annual cost ($) 25036.6 25039.42 8221.849 8257.327
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Nomenclature
i : Activity coefficient of component i
Ay : Adjustable parameter of component i and j
X; : Liquid mole fraction of component i
\ : Vapor mole fraction of component i
Fr : Feed flow rate [kg/h]
Fp : Distillate flow rate [kg/h]
Fp : Bottoms flow rate [kg/h]
Fp : Permeate flow rate [kg/h]
Xp : Mass fraction of light component on feed
Xp : Mass fraction of light component on distillate
Xp : Mass fraction of heavy component on bottoms flow
Xp : Mass fraction of water on permeate flow
Xg : Mass fraction of light component on retentate flow
R : Reflux ratio
L : Reflux rate on distillate [kg/h]
N7 : Total column stages
Nr : Feed stage
Nr : Retentate stage
M&S  : Marshall and swift cost index
L¢ : Column length [ft]
Dq : Column diameter [ft]
Ag : reboiler heat transfer area [ft*]
Qg : Reboiler heat flow [Btu/h]
AT,  : Changes of reboiler temperature [°C]
Ac : condenser heat transfer area [ft’]
Qc : Condenser heat flow [Btu/h]
AT. : Changes of condenser temperature [°C]
Up : Overall heat transfer coefficient of reboiler [Btu/ft>-h]
Ue : Overall heat transfer coefficient of condenser [Btu/ft>h]
Fo : Heat exchange constant
Ay : Membrane area [m?]
Cq : Low pressure steam cost [$/Btu]
Pp : Pressure of permeate stream
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