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Objectives

 To simulate a reactive distillation column in
FactSage

— To estimate the temperature and concentration
profiles in the distillation column

— To estimate the extent of the reaction

* To optimize the reactive distillation column

— Effect of condensation temperature, pressure and
recirculation percentage



BACKGROUND



Esterification Reaction

ke ks

Ethanol (EtOH) + Acetic acid (HAc) <> Ethyl acetate (EtAc) + Water (H,O)

O O
HO/\Jr )I\OH e )J\O/\ + H,0

Th=78°C Th=118°C Th=77°C Tb=100°C

If one or more of the products are removed, more of the product will
be formed. This is the basis for using a reactive distillation column,
where the products are removed as they are generated.



Process Description

= |n the reactive distillation for generation
of ethyl acetate both reactants (ethanol e
and acetic acid) are fed to the reboiler in + |
the bottom of the column. Heat is added

»

to the reboiler to promote the separation
the volatile products.

= |n the distillation column, the close
contact between liquid and vapor phases
facilitates the reaction and the recovery of
ethyl acetate (main product). | (4

Decreasing temperature

" The temperature in the column decreases wa
from bottom to top.

EIOH



Process Description

In the condenser, the vapor, which is rich in
ethyl acetate, is liquefied and the aqueous
and non-aqueous phases are separated in a
decanter.

The aqueous phase is sent to separation
processes for the recovery of traces of ethyl
acetate. This separation system is not part
of the scope of this work.

The product is recovered form the decanter
(light phase).

A portion of the product is recycled back to

the column for further conversion of
remaining reactants.

=

Decanter AQueous
) 1)

Decreasing temperature

EIOH



Reactive Distillation Flowsheet
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Process Conditions (Luyben et al, 2009)

Number of stages in the distillation column 8

Flow of Acetic acid (kg/h) 2000*

Quality of Acetic acid (Water wt%) 10%

Flow of Ethanol (kg/h) 100

Quality of Ethanol (Water wt%) 5%

Calculation basis (h) 1

Reboiler Temperature (C) 110

Condenser Temperature (C) 60 (See optimization section)
Column heat transfer (stages 1 to 8) Adiabatic

Reflux percentage (%) 60 (See optimization section)

(Percentage of the liquid from the condenser that
is send back to the column)

* Acetic acid is feed in excess to improve the extent of the reaction (less expensive
than ethanol)



COMPOUND AND SOLUTION
DATABASES



Compound Database Creation

All the compounds were created in a new database.
Water and Ethanol were taken from the FactIPS database

The thermodynamic information for acetic acid was taken from the NIST
Webbook (Linstrom et al, 2001).

Ethyl acetate was created with the FactSage mixer tool

E’ FactSage 6.3: Compound = || =] ER

File Edit Units Wiew

Tools ViewData Help

Formula|CHICOOH

= e

B
B

£

=i PROJBASE

=@ H20
a-L 51
L L
-l G
=@ CH3ICHZOH
L L
m-LC G
il G2
Bl Agl
=@ CH3COOH
L L1
LT Gl
Bl Agl
=@ 02C4HS
L L1
Bl G

f-r £ SGPSBEASE
f-r £ SGTEBASE
d-r £ SGTEBASE

FactSage 6.3

» Information on PROJEBASE

Mickname (4 chars)
FROJ

Description (79 chars rmax)

m

=

D\FactSage\FACTDATANPROJECT.CDE (v5.0) 4 compounds read/write



Compound Database Creation

=  Example: Creation of Ethyl acetate with the mixer tool

G Energy: Joules Pressure: atm CH3CH20H = | =] &
File Edit Units View Tools ViewData Help

FDrmuIﬂ‘CHECDOH Jﬂ

B B PROZBASE « L1 properties
5@ H20 * Heatofform. + Entropy
E-@. CH3CH20H Form. of L1 268 { Joules | S298 ( Jiimal K] )
CHE R -277603.4 16070744
w7 Gl .
oL G Phase MName Feference no.— Density g/cc
oL Al Ligquid o |0.769
El" SE_ICDDH GCDW‘IFIDLIHCI Mixer o || =&
5.
E G Feactants | Fhase | Database |
-l Ag
La lzleBf’l[::|2 »| |+ cH3COOH L1 PROZ Created from
j +1  CH3CcHzOH U1 PROZ ) )
E i o Acetic acid and
o
L G2 == Ethanol
By &1 PROJBASE |
-r 01 SGPSBASE
F-r & SGTEBASE Froduct State
-y 01 SGTEBASE g |03C4H10 Licuid ~|
®-r 01 SGTEBASE a

FactSage 6.2 D\FactSage\FACTDATANPROZ.CDE (v5.0) 4 compounds read/write



Compound Database Creation

Example: Ethyl acetate. The boiling point was slightly modified to match
the value in the NIST Webbook.

& Energy: Joules Pressure: atm O2C4HE E'@

File Edit Units WView Tools ViewData Help

Fnrmula|CH3I3ClDH Jﬁ

m-L G2 « 51 properties
L~_" Agl " Heat of form. + Entropy & Heat + Temperature of transf.

2@ CHacooH Transt ofL1 o bans (Joules)  Temperature (K) Values taken from
-k L1 L1 «|—>G1 (23367 350
L1 -|-G1 | | the NIST Database

L G
il Agl = FETerente fo. | Lensity g/ee

- C4HB0E | | | |
=" B PROJBASE Extended properties { optional )

=@ H20 Critical

". CHICH?OH Temperature Pressure Yolume

- @ CHICOOH | K| bar | cefmal
=@ 02C4H3

E|L: L1 Omega Dipale moment

: ----- Cp 300 | | Dehyes

m

.Cp 500

H-r & SGFPSBASE
#-r & SGTEBASE
=-r B SGTEBASE -

FactSage 6.3 D:\FactSage\FACTDATANPROJECT.CDE (v5.01 4 compounds read/write




Solution Database

A new solution file was generated for the six binary systems

Binary interaction parameters were determined for each
binary system by trial and error.

Literature values for the vapor-liquid equilibrium and liquid-

liquid equilibrium (activity) were used as reference for each
binary system.

Binary interaction parameters:

COMPONENT CH3CH20H CH3COOH 02C4H8
H20 8.00E+02 | 1.00E+01 | 4.50E+02 | 6.00E+00 | 1.90E+03 | 1.00E+02
CH3CH20H 5.00E+03 | 2.00E+01 | 4.80E+02 | 1.00E+01
CH3COOH 4.00E+02 | 2.50E+02
02C4H8




Solution Database

Mj Liqusoln - Motepad

Example: Acetic acid and water File Edit Formet View Help

I.[LE ) lLTqQu23 aPr 2013 1 4 o 12 0 0
binary system Tquid
1HZO 1 81 0000001
2CH3ICH20H 1 861 000001
ICHICOOH 1 861 00000 2
A02CAHE 2 861 000002
lwater
L1 1. 000 1. 000001 18.015 PROIBASE O O 0. 0000
N u m be r Of CO m po n e ntS 0. 00000000E+QQ 0. 00000000E+QQ 0. 00000000E+QQ
0. 00000000 E+0O0 0. 00000000 E+O0 0. 0000 0.0

—0.68315010E+02 0.16718451E+02 —0.48546602E+02
0.59057324E-06 3.0 0O.0000D00DE+0D0 0.0 0O.000000
2Ethanol
L1 1.000 1.000001 46.068 PROJBASE O O 0.0000
0.00000000E+00 O.00000000E+00 0. 00000000E+00
0. 0D000000E+00 0. 00000000E+00 0. 0000 0.0
—0.66350000E+02 O.38410000E+02 O.26630000E+02
0. 00000000E+00 0.0 0.00000000E+00 0.0 0.000000
Jacetic acid
L1 1.000 1.000001 &0.052 PROJBASE O O 0.0000
0.00000000E+00 O.00000000E+00 0. 00000000E+00
0. 00000000E+00 O.00000000E+00 0.0000 0.0
_0.11580000E+03 0. 28200000E+02 0.29700000E+02
0.00000000E+00 0.0 0O.00000000E+00 0.0 0.000000
4
L1 1.000 1.000001 88.105 PROJBASE 0 O 0.0000
0.00000000E+00 O.CO00C0000E+00 0. 00000000E+00
0. 00000000E+00 0. 00000000E+00 0. 0000 0.0
—0.11861511E+03 0.59891549E4+02 0.10487660E+03
_0.59057324E-06 3.0 O.00000000E+00 0.0 0O.000000
.. . —0.11861511E+03 0.59891549E4+02 0.10487660E+03
CoeffICIentS Of the b|nary System —0.59057324E-06 3.0 O.000000D0E+00 0.0 O.000000
Z0.11861511E+03 0. 598915496402 0.10487660E+03

-0.59057324e-06 3.0 0.00000000E+0C0O 0.0 0O.000000

tO be adJUStEd % 1i20-1000 0 8.00000000E+02 O.00000000E+00
“\~\~§I%'%'%T%'%'%'%'%'if%%%%%%%%Ef%%‘%f%%%%%%%%&i%ﬁ%
4L 2 0-1 0100 6.00000000E+00 O.00000000E+00

S 1T 4 0-1T 00 00 I YUU00OUUE+FO T O 000000 DOEFTO
6§14 010100 1.00000000E+02 0.00000000E+00
72320-10000 5.00000000E4+03 O.C00000000E+00C

82 320-10100 2.00000000E+00 O.C00000000E+0Q
924 0-1000 0 4.80000000E+02 0.00000000E+00

10 2 4 0-1 01 0 O 1.00000000E+01 O.C00000000E+0Q

11 3 4 0-1 0 0 0 O 4.00000000E+02 0. 00000000E+00

12 34 0-1 01 0 0O 2.50000000E+02 0O.C00000000E+00



Solution Database

Example: Acetic acid and water binary system.

Generation of the VL Equilibrium Diagram with the phase
Diagram Program

Solution and Pure Compound Databases

‘? Data Search

B3

\

Information -

Options

Drefault

T datab

i
. 1422 solution d

Gact SGTE —‘mmpms ol Mlscellan&ms
O Factes [ O eins salutions anly [ ana O a1z [ a124
O FToxid [ [ 56PS no database [ EXAM [ HOIN Liqu
OFrsat [0 O sGTE OO New  [J PRO2 PROJ
O Frmise [ O SGnabl Clear Al O seTes [ S6TE=  [J SOLU
O Fthal [ [ sGsold
O FroxcH [ O sGnucl Select Al
O Froez Add/R Dat
[ FThelg emove Data
[ FTpulp [J ELEM athef
O FTiite [ FTdemo [ TDnugl® _hefreshDalabases

h \

G’ Menu - Phase Diagram: VL HAc H20
File Units

0= =

Components [2]

Parameters  Variables

Help
T[K] Platm] Enerayll] Masz(mol] Yalllitre]

[ Hz20

CH3COOH |

Vapor and liquid are expected

Solution species

Cusgtom Solutions

Products
Compound species
[+ gas & ideal /el

= | + | Base-Phase |

Full Mame 0 fired activities

4
[T aqueous 0
[+ pure liquids 3
[ pure solids 0
¥ _apply |

spECies: 7

Target

- NOnE -

Estimate T[K): | 1C0O0
Mazs(mol]: |0

+ LIGU-LIGEU

Legend
+-zelected 1

0 ideal solutions
0 activity coefficients

liguid

Pzeudonyms

apply [ List ...

[ include molar volumes
Total Species [max 1500] 11

V¥ Show®® all  selected Total Solutions [max 40 1
species 4
zolutions; 1 %

Default

Phaze Diagram

Includ
[ gaseous ions [plasmas)
[ aqueous species
[ limited data compounds [25C)

Yariables
TIK] | H20/[H20+L) | |
Lt BT | [ |

Organic species CxHy..., ®[max] = |5—

Mirimumn solution comporents: ) 1 & 2 cpts

[TIK) ws H20/H20+L] - L=CH3CO0OH |

FactSage 6.3

[
*
Calculate >>

DM atysMIME \ProjecthFactyPhas\L_HaAc_H20 DAT



Solution Database

Example: Acetic acid and water binary system.

Generation of the Activity Diagram with the Equilib Program

Solution and Pure Compound Databases

G’ Data Search \ @

Databases - 1/25 d databases. 1/22 datab Y

$ace SGTE —‘mmpounds il Misceﬂan%us
O FactPs  [IFSEssE] [ BINS solltions only Oatta  [Oalz [ alza
O FToxid [ FSkad [ sGPS no database [JExaM [ HOIN Lau
O Frsakt [ Fsite [ SGTE O MEw [ PRO2 PROJ
O Fimisc [ FSstel  CIISGRob Clear Al O sGTE# [ SGTE= [] SoLU
O FThal PSRBT [J'SGsold
O FroscH  CIFSuss] [1'SGnuel Salasiet]
[ FTinz
[ FThelg Add/Remove Data
[ FTpulp  [] ELEM Other

[ FTiite [ Frdeme [ TDnuel RefreshDatabases

Information -

Options

Default

Inchud Limni
[ gasenus ions [plasmas] Organic species CrHy.... ®lmax] = ,5_
[ aquecus species
[ limited data compounds [25C)

Mirimum solution components: O 1 & 2 cpts

43 Menu - Equilib: Activity
File Units
Y=

Reactants [2]

Parameters

Products
Compound species
[+ gas & ideal 7 real
[T aqueous

[+ pure liquids
[ pure solids

~ _pply|

SpECies:

Help

Saolution species

= el
o =

TIC] Platm) Enerayl)] Mazzmol] Valllitre]

[ <a» HPO + <14 CH3COOH |

Vapor and liquid are expected

Custom Solutions

= | + | BasePhase |

Full Name 0 fined activities

0 ideal zolutions
0 activity coefficients

+ Ligu-Ligu liguid

Pzeudonyms

apply [ List ...

I include molar valumes
Total Species [max 15000 11

Target Legend i
- ke - . -gselected 1 V Show ™ al  zelected T atal Salutions [rax 40 1
Estimate T(C) 1000 species: 4
[utionz: 1 Siefee!
tdazs(mall: |0 soiutons: Default
Final Conditions E quilibrium
A | <Bx TIC) ||F'[atm] le‘mductH[J] j * rarmnal " nommal + tranzitions
|D1 0z | |-| | " transitions only
" open

10 steps o

FactSage 6.3

B calculations

Calculate »>>»

DM atySMIME YWProject\FacthEquiHAc_H20.DAT



Solution Database

Example: Acetic acid and water binary system.
Fitted data (red lines are literature references)

VL Equilibrium Diagram Activity Diagram
cthape’ ‘?act‘iage’
400 T T T T 1.00 T T r r
395 .
0.80 [CHCOOHLICUY™ -
100 m\ ] /
060
&
2385 | \ | =
L]
- T < /
\ 0.40
330 | - \ ] / \
3 L O \
N \ 0.20 g '
aro L L L L ] : : : :
0 0.2 0.4 06 08 1 0 0.20 0.40 0.60 0.80 1.00

Fraction of Water Fraction of water



Solution Database

Binary system VL Equilibrium Activity
EtOH EtAc )
Red lines: e | B
(Calvar et al.,2005)
(Griswold, 1949)
(Luyben, 2009) - = .
= E
3L 020
M2 M " N Q 1 1 L
as o 08 1 a ax Q.40 Q80
0,C,H,/(0,C H,+CH,CH,0H) (mol'mol) Alpha
EtOH H20 = ' ' ' ' o0
Red lines:
(Calvar et al.,2005) -l |
(Griswold, 1949)
(Luyben, 2009)
) z
- E 10
35 . \ L L A . . )
a az a4 [+1:] 1k 1 o 00 040 [=1-:]
CH, CH, OH/(H, 0+CH, CH, OH) (mol'mol) .




Solution Database

Binary system

VL Equilibrium

Activity

HAc EtAc
Red lines: e | 0,C;Ra(LIaU)
(Calvar et al.,2005)
(Griswold, 1949) oe |
(Luyben, 2009) g EH’
- 340 + =

330

20 | oz b CH,COCH#TOU)

210

300 s s L s o L L L

o 0.2 0.4 0.6 0.8 o oS0 040 1=} 080 100
0,C,H,/(0,C,H,~CH,COOH-H, 0) (mol'mal) —
80 .
EtAc H20
Red lines: os | o,C.ARmaL)
(Calvar et al.,2005)
(Griswold, 1949) o |
(Luyben, 2009) g H
- §

33+ (XT38

20 H2fkrEu)

a0 |

300 . . . o L L A

0.2 0.4 08 0.8 Q 020 040 080 0E0 1.00

0,C,H,/(H,0+0,C,H,) (molmal)




Miscibility gap verification

= Binary and ternary miscibility gaps
were verified. Example: Ternary
system: Ethyl acetate- ethanol-
water. Satisfactory prediction of
the miscibility gap.

= The proper prediction of the
miscibility gap is essential to
adequately simulate the operation
of the decanter (separation of the
aqueous and non-aqueous phase)

C,H,0, 09 08 07 06 05 04 03 02 01CHCOOH

male fraction

Red line: (Luyben, 2009)



SOLVER APPROACH



Solver Approach

 Due to the great interaction among equilibrium stages, it is
necessary to solve the system by trial and error to obtain
convergence of all the temperature and concentration profiles
across the column.

* The trial and error procedure involves the use of one Equilib
file for each equilibrium stage (10 in total), 22 stream files (8
for gas and 14 for liquid), and one macro file

* The input values for the Equilib files are the flow of the
reactants, the temperatures of the reboiler and the
condenser, and the percentage of light condensed liquid
recycled to the column



Approach: equilibrium stages

 Example of an Equilib File: Column Stage 1

=l = =]
File Units Parameters Help
O g TIC] Platr] Enerqyld) Massimol) Vollite) W |B| );,r|

—Reactants [2]

100 [LE2] o« 100% [GAS0]

100% of Gas from the . — | e piocitemgi)

reboiler and 100% of | Products
. . — Compound species—— 1 Solution species — Cugtom Solutions
Li qu id from the *[¢ gas & ideal ¢ real 4 = | + | Base-Phase | Full Name 0 fised activities
ey . [ aqueus ] I LiG-Ligu liquid 0 ideal zolutions
eq ul I | b roum Stage 2 [+ pure liquids 4 0 activity cnefhcn_ents
I_ pure zolids 1] Detals ..
¥ suppress dgplicates aEEIEI s
* - custom selection ;
TpECias a apply [ List ...
include molar volumes
™ include molar vol
— Target - Legerd———————— Total Species [max 15007 16
- none - |- ilg'lnmiscible 1 ¥ Show{* all " zelected Total Solutions [ras 40 2

Adiabatic operation at Esina T(C) [1000 speciess B g
p — b sl ID_ solutions; 2 _tI Defalt |

1 atm
~ Final Conditions > E quilibrium
- o TIC) Flatm] LI Delta HLJ j & pomal O nommal + ansiions
1 n € transitions only
o ",
- e e o Calculate >3 |

|FactSage B3 |D:'\Naty'\h-'llME'\F'roiect'\Fact\EquiTFlﬁh'ﬂ DAT v



Approach: equilibrium stage

 Example of an Equilib File: Column Stage 1

&7 Results - Equilib 90.2 C == ]
Edit Show Pages .
Save or Print 3 TIC) Platm] Enengpl] Mazsmol] Wolllitre) "’ alm Gas phase IS Saved as
Plot b GASL1. This stream is used
Equilib Results fil [ - H
quilib Results fle | rastsage 6.3 +¢f @S an input for the stage 2
Stream File L Recycle all streams ... | / .
Format 4 Save stream file b Save gas phase ... In the COlumn
Fact-XML 5 Stream file properties ... Save pure liquids ...
Save aqueous ..
Fact-Optimal " Summary of streams 4 o e ol
Directory (D:\Naty\MIME\Project\Fact!]) ... SAVE PUIE SONS -~
Fact-Function-Builder » Save solutions 4 ALL solutions
CH3CHZOH (g) ) L -
LIQU-LIQU#L liquid
Refresh ...
L LIQU-LIQU#2 liquid
{3.€807E+0¢ gram, 1.0537E+05 mol)
(30.20 €, 1 ztm, &=1.0000] \
{ 0.84075 HZO
+ 6.23612-05 CHSCHZOH All solutions are saved as
+ 0.25454 CH3CO0H . . .
+ 6. 4848E-02 pzCaHE) LIQ1. This stream is an input
S R for the reboiler Equilib File.
System component Mole fraction Mass fraction
o 0.26218 0.62257 In the case of the condenser,
c 0.18353 0.29152 .
u 0.57423 8.53112-02 the two liquid phases are
. mol  liquidsz saved independently. LIQU#1
(30.20 €, 1 stm, ==1.0000) is the one used for the
{ 0.8407% HzZO . .
+ &.2361E-05 CHA3CHZOH recycle, while LIQU#2 is the
fo-z3asd CHICOOH - aqueous phase .




Approach: equilibrium stage

* Reboiler (Stae 0) and Condenser (Stage 9)
Equilib Files

{3 Menu - Equilib: Reboiler
| File | Units Parameters Help

Oz =

TIC) Platm] Energyl)] Mass(g] Yolllitre)

= =]

me® =

G’ Menu - Equilib: comments

R tant:
F

(3)

7 aqueous 0
|+_ pure liquids 4
|- pure zolids 1]

¥ suppress duplicates agglgl

* - custom selection
Ipecies: a

LigU-LIgu

liquid

‘ [gram) 2000000 CH3COOH  + 100000 CH3CH20H + 208000 H2O  + 100 [LGO] o« 100% [LIG1] ‘
[25C lig #1] (25C lig #2) (25C.lig #3) [113C.#4] [113C.H5)
~ Products
— Compound species — Solution specie: Custom Solutions
*[+ gas & ideal  real 4 | = | + | BasePhase | Full Hame 0 fixed activities

0 ideal solutions
0 activity coefficients

Details ...

Pseudonyms
apply [ List ... |

¥ include malar volumes

File Units Parameters Help
0 | @l m TIC] Platm] Energyl)] Mass(mol] Yolllitre] Im
~Reactants (1]
100% [GASE]
72.88C.1.1atm.g 41
— Compound species — Solution specie Custom S olutions
*[¢ gas & ideal  real 4 | =] + | Base-Phase | Full Name 0 fiwed activities
[T aqueous 0 Ligu-LIgu liquid 0 ideal salutions
[« pure liquids 4 0 activity coefficients
|_ pure solids 1] [retails ...

¥ suppress duplicates Apply |
* - custom selection
species: a

Pzeudonyms
apply [ Lizt ... |

[ include molar volumes

Total Species (max 1500] 16 i
~ Target ~Legend _D_[—] ~Target B Total Species (max 1500] 16
- hane - - iﬁmiscible 1 ¥ Show @ &l selected Total Solutions [rmax 40 2 X nogne B IL-eiﬁfnTi‘:cible 1 ¥ Show &l " selected Total Solutions [max 40 2
Estimate T(C): |1DDD species: 8 Select | Estimate T(C]: |1DDD species: Bl
- lutions: 2 P elec |
Mass(al |g zolutions Default | Mass{moll: ID zolutions: 2 Default |
~ Final Conditions Equilibrium ~Final Conditions E quilibrium
@ dEp TIC) P(atm) LI Delta HE) LI .0 normfa.l € nomnal + ansitions <Ay <B> TIC) IP[atm] LI Delta HiJ) LI & nomal 0 nomal + ransitions
10 1 :: transitions only 0 " transitions only
— - OpEh — {5
10 steps [T Table 1 calculation Calculate >3 | 10 steps [ Table open Calculate >> |
| FatSage 6.3 | D:\Naty\MIME \Project\F act\E quifieboier. DAT ] [FactSage 6.3 | DM atyAMIME \ProjectF act:E qUICONDENSE R, DAT

4



Solver Routine

Aqueous

Establish the reboiler ot Te gondetnser/ Product

<+— Decanter
and condenser 3 = Product
temperatures soges| T
Initialize all the liquid v 4
streams Stage 7 T7
Solve each equilibrium ~—]
stage from bottom to R
tOp Stage 3 T3
Repeat iterations until v 4
convergence Stage1| T

HAC —p * T8
Reboiler | Hegat




Approach: Initialization of liquid
streams

All the liquid streams are initialized with the liquid phase generated by the
equilibrium of 10% of the total reactants mass at the condenser temperature.

This condition is considered to be a good initial estimate since it represents
the system as if there was only one equilibrium stage.

43 Menu - Equilib: Reboiler [ @ |
File Units Parameters Help
Ol & il T(C) Platm) Energyl)) Masslg) Valllitre) ’W )

Reactants [5]

[ [gram] 200000 CH3COOH  + 10000 CH3CH20H  + 20500 H20  + D0 [LUIGO] + O [UG1] |

Products
Compound species Solution speciez Cuztom Solutions
= [ gaz O ideal O real 4 = | + | BasePhase | Full Name 0 fized activities
[T aqueous a | Ligu-LIgy liguid 0 ideal solutions
[+ pure liquids 4 0 activity coefficients
[ pure salids 1]
[~ = Pzeudonyms
* - custom selechan .
species: a apply [ List ...
v include molar volures
Total Species [max 1500] 16
Target L d —L[—]
- none - | -eilg'lnen:]iscible 1 W Show s &l  zelected Total Solutions [max 40 2
Estimate T(K] (1000 species: 8
: solutions: 2 %
Mass(gl |0 ) Default
Final Conditions E quilibrium
e [ T1E | Pam) ~|[ProductHU) ~| | | & romal
i
| | o | z
100 steps T Calculate >>

FactSage B.3 DM atyMIME \Project'F act'E quiRebailer DAT



Approach: Initialization of liquid
streams

= All solutions are saved as the streams LIQ1, LIQ2, LIQ3, LIQ4, LIQ5, LIQS6,
LIQ7, LIQ8 and LIQ9 as initial estimates.

&7 Results - Equilib 60 C == =
QOutput | Edit Show Pages
Save or Print 3 TIC] Platm] EnergylJ] Mass(g) Yolllire] m BI W
Plot 3
Equilib Results file 4 FactSage 5.3 -
Streamn File 3 Recycle all streams ...
Format 2 Save stream file 2 Save gas phase ...
Stream file properties ... Save pure liquids ...
Fact-XML y prep pure g
- Sumrmary of streams » =avE agqueoy
e ' Save pure solids ...
Directery (DANaty\MIME\Project\Factl) ... N B
Fact-Function-Builder b e = Save solutions 4 ALL solutions
CH3CHZOH (gl ) —T y e
=R LIQU-LIQU#1 liquid
Refresh ... o
- - B LIQU-LIQU#2 liquid
(2.3050E405 gram, 4%85.4 mol, 24.411 litre, 9.442¢ gram/cm3)
(60 C, 1 atm, a=1_0000}
{ 10.530 wt_% H2ZO0
+ 2.5076E-05 wt.% CH3CHZICOH
+ B1.113 wt_% CH3ICOOH
+ B_2971 wt_% 02C4HB ol
System component Mole fraction Mass fraction
o 0.25041 0.55840
c 0.z2le4 0.38370
H 0.52735 7.3501E-02
+ 0 gram liguid#Z
(60 C, 1 atm, ==1.0000)
{ 10.530 wt_% H2ZO0
+ Z.507EE-05 wt.% CHSCHZOH
+ 81.113 wt.% CH3COCH o -




Approach: Macro File

Before using the macro file all the liquid streams are initialized as
shown previously.

Sketch of the Macro File:
= Definition of Variables
= Reading input data (flows, temperatures and recycle percentage)

"= For Loop from 1 to 15 (convergence is expected to be reached after
15 iterations)

= Run Reboiler, print results and save streams
= Run Stages 1 to 8, print results and save streams
= Run Condenser, print results and save streams

= Repeat Loop



SIMULATION RESULTS



Summary

= The solver approach chosen leads to convergence of the
temperature and composition profiles across the column after
approximately 13 iterations.

= The composition of the product increases in both the liquid
and gas phases, which causes a continuous increase in the
overall composition profile.

= The extent of the reaction is significantly increased with the
use of reactive distillation compared with a single
reaction/separation stage.



Analysis: Temperature Profile

The temperature across the
column decreases as expected
from the reboiler to the
condenser temperatures.

This temperature gradient
ensures the proper separation of
the mixture components
according to their volatilities, as
shown in the concentration
profiles.

The sharp decrease in
temperature after stage 7 is
caused by the recycling of
condensed liquid to the column.
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Analysis: Composition Profile

* Convergence was also reached for the concentration
profiles in the liquid and the vapor phases.

* The concentration of ethyl acetate (C4H802) increases
in both the liguid and the vapor phase.

* The concentration of Ethanol (limiting reactant) is very
small compared to the relative concentrations of the
other components throughout the column. In despite
of this, it is continuously consumed in the reaction as
shown by the increase in the concentration of ethyl
acetate.



Results: Composition profiles
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Analysis: vapor composition

The concentration of ethyl acetate in
the vapor phase throughout the
column is significantly larger than the
concentration of the other
components due to its high volatility
(Th= 77°C).

As expected, water is the second
most abundant component in the gas
phase because water is more volatile
than acetic acid and ethanol
concentration is very small.

In the condenser (9t equilibrium
stage), all the vapor phase is
condensed as shown by the sharp
decrease of all the concentrations to
zero.

Mass Fraction

Composition Vapor Phase

Ethyl acetate /
0.6 + // \\
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\
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Analysis: liguid composition

The concentration shown in the graph to Composition Liquid Phase
the right represents the concentration of
the light liquid phase across the column.

The aqueous (heavy) liquid phase is
generated only after the condenser. Its

slide. Acetic gcid Ethyl acetat

0]

composition is presented in the next 0.8 /

In this case, the opposite behavior of the 0.6

vapor phase is observed. The less volatile

compounds, acetic acid and water, are

04 _
more abundant than ethyl acetate. e

A continuous increase in the 0.2 "
concentration of the product C4H802 is // \
observed, which indicates the progress of 0 - , |Ethanol | |
the reaction across the column. 0 2 4 6 8

The sharp increase in the concentration Stage
of ethyl acetate in the last stage is caused —— 02C4H8(LIQU)  ——H20(LIQU)
by the condensation of the vapor. CH3COOH(LIQU) CH3CH20H(LIQU)

Mass Fraction




Composition of the liquid products

Component Mass Composition in the | Mass Composition in the
light liquid phase Aqueous (heavy) liquid
(Product) phase
Water 1.8 57
Ethanol 0.6 1.3
Acetic Acid 1.2 4.9

Ethyl Acetate 96.4 36.8



Results: Liquid composition (mol)

Acetic Acid
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Water Ethyl Acetate

The concentration of ethanol is very small compared to that of the other components
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Results: Extent of the reaction

The extent of the reaction is
significantly increased with the
use of reactive distillation
compared with a single
reaction/separation stage.

The extent of the reaction per
equilibrium stage is larger in the
bottom of the column due to the
removal of the product by
evaporation.

The additional increase in the
extent in the top the column is
due to the recycling of the
condensed product, which
promotes the reaction of the
remaining reactants and the
enrichment of the vapor phase.



OPTIMIZATION RESULTS



Optimization

In order to optimize the operating conditions of the reactive
distillation column, the effect of three essential parameters on
product recovery was analyzed. These parameters are:

* Condensation temperature
" Pressure

= Reflux percentage: Mass of the condensed light phase
that is send back to the column
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Optimization: Condensation
Temperature

Effect of Condenser Temperature
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= Temperature has a significant

effect on the overall extent of
the reaction in the distillation
column.

Lower temperatures lead to
greater recoveries because
more of the residual reactants
are condensed in the top of
the column. This increases the
extent of the reaction and also
reduces the amount of
impurities in the product.
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Optimization: Pressure

Effect of Pressure
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Pressure has a moderate
effect on the overall extent
of the reaction.

Conversely to conventional
distillation systems, the
use of low pressure in this
reactive system does not
improve the extent of the
reaction. This might be
due to the intense
volatilization of the
reactants.



Optimization

Effect of Reflux Percentage = The reflux percentage
o has a minor effect on the
S o overall extent of the
g reaction.
Q 98
= = Even tough the extent of
(o] . . .
£ the reaction is slightly
= increased at high reflux,
96 .
the improvement does
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RSN using high recirculation
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P=1 atm



Optimization Results

According to the optimization analysis,
the recommended operating conditions
are:

= P=1] atm
" Tcondenser= 60 C
= Reflux=60%



Conclusions: FactSage and solver
approach

* FactSage has been proven to successfully
simulate a reactive distillation column for

esterification of acetic acid.

* The solver approach leads to convergence of
the system after approximately 13 iterations.

* The use of a macro significantly simplifies the
calculation effort for simulation and
optimization of the distillation column.



Conclusions: Simulation

The use of a distillation column significantly increases the extent
and recovery of the esterification reaction when compared to a
single stage reactor- separator.

The decreasing temperature gradient across the column (from
bottom to top) ensures the proper separation of the mixture
components according to their volatilities.

The composition profiles of the components in the vapor and liquid
phases is consistent with their volatilities.

The extent of the reaction per equilibrium stage is larger in the
bottom of the column due to the removal of the product by
evaporation.



Conclusions: Optimization

* The optimization analysis shows that
condensation temperature has a significant effect
on the extent of the reaction.

* Condensation temperatures below 60°C are
recommended for maximizing ethyl acetate
production.

* Pressure and reflux percentage have a slight
effect on the formation and recovery of ethyl
acetate. Recommended values are 1 atm and
60%, respectively.
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