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Abstract

Acetone-methanol system forms an azeotrope at 77.6% by mole of acetone in
acetone-methanol mixture under atmospheric pressure. Acetone can be purified
from water by pressure swing distillation process since the azeotropic composition
IS very sensitive to the system pressure. Pressure swing distillation process is more
environmental-friendly than azeotropic or extractive distillation process because
azeotropic distillation process uses an entrainer and extractive distillation process
utilizes a solvent.

In this study, modeling and comparison works have been performed for low-
high columns and high-low columns configurations. Optimal operating conditions
that minimize the total reboiler heat duty were determined by using feed stage
locations and reflux ratios as manipulated variables for each distillation column.
Overhead vapor stream of high pressure distillation column was used as a reboiler
heating source for the low pressure column to reduce high temperature and low
temperature utility consumptions.
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A. Introduction and Basic Principles

If a binary azeotrope changes composition over a moderate range of pressure,
consideration should be given to using two ordinary distillation columns operating in series
at different pressures.*

This process is referred to as pressure-swing distillation.

» Azeotrope ~ mixture of two or more
liquids wherein its components cannot be altered
by simple distillation because they share a
common boiling point and vaporization point.

)
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» Methods to separate an Azeotropic Mixture:
= Extractive Distillation
= Azeotropic Distillation ,
= \acuum Distillation Pressure swing distillation process is more
= Pressure-Swing Distillation environmental-friendly than azeotropic or extractive
distillation process because azeotropic distillation process
uses an entrainer and extractive distillation process
utilizes a solvent.

Reference:
*Seader, J. D., Henley, E. J. & Roper, D. K. Separation process principles: chemical and biochemical operations, 3rd ed., John Wiley & Sons, Inc., United

State of America, 2011. pp. 429-442
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A.l Pressure Swing Distillation

O Pressure-swing distillationisa  P<P
method for separating a
pressure-sensitive azeotrope
that utilizes two columns
operated in sequence at two Feed
different pressures. (a+2)

e simple change in pressure can
alter relative volatility of the mixture

 can result to a significant change in
the azeotropic composition or
enlarging the relative volatility of
the components with very close
boiling points

« allows the recovery of feed mixture
without adding a separating agent.

Reference:
Figure A.1: http://users.atw.hu/distillation/processes_us.html
Figure A.2: http://en.wikipedia.org/wiki/Relative_volatility
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Figure A.2 Equilibrium relationship for relative volatility
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A.2 Acetone-Methanol System

Acetone and methanol are The acetone-methanol Tt;les rg;g’ilégeiﬁ?onnatrebe
widely used as solvents and mixture forming a minimum Cpom onents E
reagents in the | azeotrope is a frequent conventi oFr)laI rectifigation
pharmaceutical and fine waste in the pharmaceutical but 2l distillation
industries. industry. uta special distiiation
| method.

» Acetone and methanol

have very similar normal Txy Plotfor Acetone & Methanol Txy Plot for Acetone & Methanol

boiling points ——

(329.2 and 337.5 K) . )

g o
> =]

> Forms a homogeneous < 77.6 mol% acetone| | |8;|  37.5mol% acetone

minimum-boiling o of

azeotrope at 1 atmwitha & - £

composition 77.6 mol% = = N

acetone at 328 K.
> At 10 atm the azeotroplc ' . ! Cumpnﬂ'l‘.lun.M;l;Frl:ﬁmnC.ETONEI.I[P=|.0MD-L|I|] 2 : ' CO"':DOIINM-H;'IG meﬂACETUNE'I'[F”n_:m,m =

composition is 37.5 Composition, Mole fraction of Acetone Txy Plot Composition, Mole fraction of Acetone

mol% acetone at 408 K Reference: Blue — T-x Plot or Bubble point

Simsci PRO/II 9.1, Invensys System Inc., 1994-2011

Green — T-y Plot or Dew point

The large shift in the azeotropic composition from 77.6% to 37.5 mol %
acetone indicates that a pressure-swing separation should be feasible.
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A.2 Acetone-Methanol System

T-X-Y Plot for ACETONE and METHANOL Systemat 1 atm
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A.3 Thermodynamic Theory

Liquid Activity Method
iquid Activity Metho Iny; =Iny;C +Iny;R

Universal Quasi-chemical (UNIQUAC)
K-values: UNIQUAC method / \
Enthalpies, entropies, densities, vapor Combinatorial part Residual part
fugacities: Ideal method
combinatorial part ‘ ’ residual part
 depends only on the sizes and shapes of the  accounts for the energy interactions, has two
individual molecules adjustable binary parameters.
g"/RT Iny;

2" (combinatorial ) N 2F(residual)

RT RT ]n TE'UJ‘F#‘ _|_ ]I‘.l ,.y.:_'l.’.'l'

D;

@®;, Z @; comb (I)f.
=3 .xiln T— 5 E q;x; In E — E X In S; In y; =In (T) +1- (‘—E)
S — S 9t z @, ®;

g 1 1
FiXi . i X;

O — 2y, = I
Reference: E FiX; E q;jX; e _ T
7 7 In /" = g;| 1-InS; E

Simsci PRO/I1 9.1, S;
Invensys System Inc.,
1994-2011
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Modeling of the

Determining the

: Determining the Determining the i
FIEgPlE ST Optimum Feed Optimum Reflux Sl el
Distillation Process Stage Location Ratio Reboiler Heat
using PRO/II 9 Duties
4 _ ) 4 A 4 A 4 A
Low-High
Pressure
Column
Configuration Comparison
For Low For Low
k(latm 10atm)) Pressure Pressure betvvt(\n;\jeon the
Column and Column and : :
( High-Low ) High Pressure High Pressure cg_ng?ﬂg;\g%rés
9 Column Column
Pressure HP+LP)
Column
Configuration
(10atm ~ latm)
\. y, \_ _/ \_ _/ \ _/
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Acetone-Methanol Separation

using Pressure Swing Distillation
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A. Low-High Pressure Column Configuration

1.5 atm
1 atm 10 atm
L L
75% Acetone 40% Acetone
@

a3 12 atm

> E _-‘ [ ~ ‘r
E High Pressure E

OP1 Column —
Low Pressure

Column ij HPC ij
LPC @ -:> @ -:>

99.5% Methanol 99.4% Acetone
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B. High-Low Pressure Column Configuration

0]

0212atm

[Poz]
10 atm

40% Acetone

[54]

1.5 atm

Low Pressure

. Column
High Pressure
Column
Ed =)
99.4% Acetone 99.5% Methanol
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Acetone-Methanol System Steady-State Design Inputs

C.1 Feedstock Characterization

FEED
Component CO&F:;)(;SIIS)on
Acetone 50
Methanol 50
Total Flow Rate (kg-mol/hr) 540
Temperature (K) 320
Pressure (atm) o5

C.2 Product Specifications

Reference: Luyben, William L. & I-Lung Chien. Design and
control of distillation systems for separating azeotropes..

C.3 Equipment Specifications
and Operating Conditions

Distillation Column

Low-Pressure High-Pressure

Specs Column Column
Pressure (atm) 1 10
N stage 52 62
Column pressure drop 0.1 atm 0.1 atm

at Bubble Temperature at Bubble Temperature

Pressure Changer

PRODUCT
Equipment Outlet Pressure
Specs Low-Pressure Column High-Pressure Column Valve (VO1) 15
Bottoms 99.5% methanol 99.4% acetone Valve (V02) 15
Distillate 75% acetone 40% acetone Pump (PO1) 12

@} Chemical Process Research Lab.
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Low-High Configuration Specifications Summary

E g [57] |
V102
o] HPC Overhead
V102 40% Acetone
Low Pressure Outlet pressure : 1.5 atm  High Pressure

Column Column

—

LPC Overhead

V101 75% Acetone

Outlet pressure: 1.5 atm

HPC
) Top Pressure : 10 atm
Outlet pressure : 12 atm Column pressure drop: 0.1 atm

P101

Condenser at Bubble
Temperature

oP2

Minimize Reboiler Heat Duty

VVarv Fead Plate | ocation
vary -eeg riate Loecation

s6]
and Reflux Ratio of HPC

OP1
i Minimize Reboiler Heat Duty
Vary Feed Plate Location and

Reflux Ratio of LPC
0OP1

LP
Top Pressure : 1 atm
Column pressure drop : 0.1 atm

Condenser at Bubble Temperature

op2

ij B LPC Bottoms ij EJ =)

99.5% Methanol

HPC Bottoms
99.4% Acetone
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High-Low Configuration Specifications Summary

5]
57
P01 and P02 High Pressure 2% Low Pressure
Outlet pressure : 12 atm Column Column
HPC Overhead
40% Acetone
L |
V201 LPC Overhead
YU i o,
5] Outlet pressure : 1.5 atm e
0oP2
[s2] Minimize Reboiler Heat Duty
= Vary Feed Plate Location and
Reflux Ratio of LPC
P01
58]
HPC
. P1
COIUL?]ppI:zzit:ged-r;g agq . m Minimize Reboiler Heat Duty m
r Y Vary Feed Plate Location and
Condenser at Bubble Temperature Reflux Ratio of HPC
oP2

LPC
Top Pressure : 1 atm
Column pressure drop : 0.1 atm {ss] - —a)
Condenser at Bubble Temperature HPC Bottoms LPC Bottoms

99.4% Acetone 99.5% Methanol
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Optimization Objectives and Variables

Minimization of Total Reboiler Heat Duty

By varying

Reflux Ratio

Feed Tray
OPT-FT

Low-High High-Low Low-High
Pressure Column Pressure Column Pressure Column
Configuration Configuration Configuration
LP-HP (1)

High-Low
Pressure Column
Configuration

Low High High Low Low
Pressure Pressure Pressure Pressure Pressure
Column Column Column Column Column

High
Pressure

High Low
Pressure Pressure

Column Column Column
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Feed Tray Optimization for Low-

High Configuration

I¥'ow-PressurelcColumn?

Objective Objective Function
Optimization of Total Reboiler Heat Duty @ Mainizs Objective Function = Column LT Duty of Heater REBOILER in  10°6
e Ecal/hr
[ @ Minimize
Reflux Ratio Variables:
Cut Colurmn LPC Tray Location of Feed Stream 53 within the range 2.0000 to 50.000 using
et 1 uzer-defined step sizes
Reset
I0hzRre ‘el1C0
Objective Objective Function HI h Pre—s—s—ure @jm
) Maimi Objective Function = Colurmn HPC Duty of Heater BEBOILER in= 1076
1 Maximize Kcaldhr
@ Minimize
Warnables:
Cut Colurnn HPC Tray Location of Feed Stream 56 within the range 2. 0000 to B0.000 using
resert 1 uzer-defined step sizes
Fezet
o . ' . . . Vary Objective Vary Objective
2~50 2~60
. . Feed Tray Reboiler Feed Tray Reboiler
Initial Bottoms Initial Fee_d Tray Location Heat Duty Location Heat Duty Total Optimum Minimum
Flow Rate Location . " : : .
Low-High Pressure Configuration Feed Stage Location  Reboiler Heat Duty
LPC HPC LPC HPC Low Pressure High Pressure LPC | HPC lpc | HPC
460 190 26 31 37.887 11.550 39.700 6.208 17.758
460 190 37 39 37.739 11.551 39.000 6.207 17.758 38 | 40 11.549 | 6.202
460 190 38 39 38.000 11.549 39.000 6.207 17.756 Total Reboiler 17 751
460 190 | 38 40 38.000 11.549 40.000 6.202 | 17.751 |  HeatDuty M*KCAL/HR
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Feed Tray Optimization for High-Low Configuration

Ohjective Objective Function H | g h 'PreSS ure @0 I umn
Optimization of Total Reboiler Heat Duty @ Masimize Eléngnalit]l[ve Function = Column HPC Duty of Heater REBOILER inx 1076
B‘y varying @ Minimize
Reflux Ratio Variables : _ .
Cut Colurnn HPC Tray Location of Feed Stream 53 within the range 2.0000 to 60,000 using
— 1 uzer-defined step zizes
Ingert
Rezet
Objective Objective Function Mﬁm‘m
) Maximize Objective Function = Column LPC Duty of Heater REBOILER inx 1076
2 F.caldh
@ Minimize
Wanables:
Cut Colurin LPC Tray Location of Feed Stream S6 within the range 2.0000 to 50000 using
1 uzer-defined step sizes
[nsert
Fezet
o . | . l . Vary Objective Vary Objective
2~60 2~50
- . Feed Tray Reboiler Feed Tray Reboiler
High-Low Pressure Configuration ptimum inimum
HPC LPC HPC LPC ngh Pressure Low Pressure Feed Stage Location Reboiler Heat Duty
190 460 31 26 41.966 14.595 37.073 7.0885 21.684
190 460 | 42 37 39.039 14.585 37 7.0884 21.673 HPC | LPC HPC | LPC
190 460 39 37 40 14.596 37 7.0884 21.6844 39 | 37 14.585 | 7.0884
R S E Sy
190 | 460 | 39 | 35 : : : : Heat Duty M*KCAL/HR
190 460 36 35 38.74 14.587 35 7.1153 21.702
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Feed Tray Case Study for Low-High Configuration

Low Pressure Column High Pressure Column
23 22
r o
L 22 I
2 2 2
O O
e ¥
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g £
o o 18 -
T 18 o
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e e
1? T T T T T | T T 1? T T l T
10 15 20 25 30 35 40 45 50 10 20 30 40 50 60
Feed Tray Location Feed Tray Location
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Modifying Column Specification

Low Pressure Column

Specifications: Auctive:
1 LPC BOTTOM - Stearn 55 Composition of component METHANOL on a 'wWet basis in Mole
percent = 939,500 within an_abzolute bolerance of 1. 0000e-006

o | REFLUX LPC - Columt LPC Reflus Batio on & Mole basis = 2.0000 within the default tolerance

Wariables:

Colurnn LPC Dty of Heater COMDENSER
2 | Colurnn LPC Dty of Heater REROILER

High Pressure Column

Specifications: Achive:

] HPC EOTTOM - Stream 58 Composition of component ACETOME on a'Wet basis in Mole
percent = 39400 within an abzolute tolerance of 1.0000e-005

BEFLLE HPC - Colurnn HPC Reflux B atio on a Mole basis = 2 0000 within the default
2 | tolerance

Wariables:

Column HPC Duty of Heater COMDEMSER
2 | Colurnn HPC Duty of Heater REBOILER

@E I Chemical Process Research Lab.
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Calculator Input

&

-

PROVT - Calculator
Help Owerview  Status Motes
[t |E.f1'-.1 D ezcription; |
Check Procedure | | Editiew Declarations I
Procedure: PROVT - Calculator
R[1=F1]
RIZ21=P[2] Help Owerview  Status M ates
Ri3=P1+P2)
RETURH Unit: |41 | Description: |
Check Frocedure | Hide Declarations |
Yiew Area
| Consztants... | Fesults... | Arrays... I Stream Sequence. ..
Parameter
Mumber: Parameter Specification:
Cut 1 1| Calumn LPC Diuty of Heater BEROILER in » 1076 Ecalth
Ihzert | 2 2| Colurin HPC Dty of Heater REEOILER in = 1076 Kcal/br
Feset| 3 Calculatar parameter
4 Calculatar parameter
(] O
E it the window after zaving all data Procedurs;
\ R(11=F1]
R[Z)=F[2]
R31=P11+P2]
(] 4 Cancel
Puzh thiz button to enter calculator constants

Chemical Process Research Lab.
Kongju National University

21




Reflux Ratio Optimization for Low-High Configuration

[Yow;Rressurejcolumn}

e . Dbjective Objectre Function
Optimization of Total Reboiler Heat Duty @ Manimize Objective Function = Calculator CA1 Result B3]
By varying )
[ @ Minimize

Reflux Ratio Vanales:
Cut 1 Coalurin LPC Specification REFLIE LPC within the range 0.90000 to 4.0000 uging
default step sizes

Ihzert

Reset

Objective Objective Function HI U h 'Pr.e,S,S,U re mmﬁm

Objective Function = Calculator CAT Besult B[3

) Maximize

@ Minimize

Waniables:

Cut 1 Coalurin HPC Specification BEFLLE HPC within the range 0.90000 to 4.0000 using
- default step sizes

Inzert

Reset

o . ' . . . Vary Objective Vary Objective
0.1~10 0.1~10

Initial Bottoms Initial Feed Tray | Reflux Ratio Reboiler Reflux Ratio Reboiler Total
. Heat Duty Heat Duty
Flow Rate Location . " : . .

Low-High Pressure Configuration Reflux Ratio Reboiler Heat Duty
LPC HPC LPC HPC Low Pressure High Pressure | |
460 190 26 31 2.2543 11.2527 3.2385 6.7758 18.0285 Hre APe HPE APE
460 190 37 40 2.1214 12.3097 2 6.6384 18.9481 2.2853 | 3.3494 11.0847 | 6.5622
460 190 38 39 2.1308 11.0642 3 6.7575 17.8217 Total Reboiler 17 6469
460 190 38 40 2.2853 11.0847 3.3494 6.5622 17.6469 Heat Duty M*KCAL/HR
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Reflux Ratio Optimization for High-Low Configuration

ST ; Objective Objective Function
Optimization of Total Reboiler Heat Duty ) Magimi Objective Function = Calculator C41 Result B[3]
- () Maximize
By varying
[ @ Minimize
Feed Tray Reflux Ratio \ariahles:
OPT-FT

Cut Column HPC Specification REFLIE HPC within the range 1.0000 to 4.0000 uzing
T | dataul shep sizes

J

Inzert

. LOW'H'gh,,r Rl
Objective Objective Function s e e
= Masimi Objective Function = Calculator CA1 Fesult B3]
() Mazimize
@ Minimize

Wariables:

Cut 1 Column LPC Specification BEFLLE LPC within the range 1.0000 to 4 0000 using
- | default step sizes

|nigert

Feset

. . Vary Objective Vary Objective
n'“ 0.1~10 0.1~10

. - Feed Tra Reboiler Feed Tra Reboiler
RR Inllt:||a | Bottoms Initial Fee_d Locationy Heat Duty Locationy Heat Duty Total Opt|mu |n|mum
Range ow Rate Tray Location High-Low Pressure Configuration Reflux Ratio Reboiler Heat Duty
HPC LPC | HPC | LPC High Pressure Low Pressure HPC | LPC HPC | LPC
0.1~10 300 575 36 35 1.5696 14.0609 2 8.306 22.3669
1~10 575 300 | 37 | 35 1.7 14.3651 2 7.9834 |22.3485 2.1772 | 2.6 14.2902 | 7.3762
~4 575 300 | 37 35 2.1772 14.2902 2.6 7.3762 [21.6664 Total Reboiler 21.6664
1~4 575 300 39 37 1.7 13.5078 2.5064 8.45512 |21.9629| Heat Duty M*KCAL/HR
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Reflux Ratio Case Study for Low-High Configuration

Low Pressure Column High Pressure Column

28 25
vl o 210
s L
26
ﬁ S 20.5 -
4 =
s =
= 24 = 200 A
E = 19.5
2 :
E 22 1 190 4
o o
3 3
) © 185 -
9 E
@ =
° 5] i
S S 18.0
18 T T T T T 17.5 T T T T T T T
0 1 2 3 4 5 6 0.5 1.0 15 2.0 25 3.0 15 4.0 4.5
Reflux Ratio Reflux Ratio
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Comparison of the Results

| Optimization of Total Reboiler Heat Duty J
| Feed Tray ) ~ RefluxRatio
Low-High High-Low  Low-High  High-Low
Pressure Column Pressure Column | Pressure Column Pressure Column
| Configuration J Configuration J Configuration . Configuration J

4

No. of stages

Operating Pressure

(atm) 1 10 10 1 1 10 10 1
e e 458.467  188.327 | 574133 304406 | 461.357  190.770 | 589.185  319.584
(KMOL/HR)

Bottoms Flowrate

(KMOL/HR) 269.528 270.141 270.273 269.727 269.899 270.587 269.875 269.602
Optimum Values 38 40 39 37 2.2853 3.3494 2.1772 2.600
Reboiler Heat Duty

(M*KCAL/HR) 11.549 6.202 14.585 7.0884 11.0847 6.5622 14.2902 7.3762
Total Reboiler Heat Duty 17.751 M*KCAL/HR 21.673 M*KCAL/HR 17.6469 M*KCAL/HR 21.6664 M*KCAL/HR

@E } Chemical Process Research Lab.
R Kongju National University 25



Conclusion

After running the PSD simulation and optimization, different results are
obtained from varying the feed stage locations and reflux ratios.

In order to make the simulation converged, some parameters are varied
such as the initial bottoms flowrates, initial feed stage locations, and
reflux ratio range.

Several runs should be done to make the simulation converged for some
cases since it changes results little by little.

After running the simulation for several times, it will reach a point wherein
the results are constant.

Comparing all the obtained result from the simulation, by varying the feed
stage location and reflux ratio, it was shown that the Low-High pressure
configuration can give a lower Total Reboiler Heat Duty than the High-
Low pressure configuration for both cases.

Therefore we can conclude that the Low-High Pressure Configuration is
more economical than the High-Low Pressure Configuration.
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