REFERENCES

Almeida-Rivera, C.P., Swinkels, P.L.J., & Grievink, J. (2004). Designing reactive distillation

processes: present and future. Computers and Chemical engineering, 28, 1997-2020.

Araromi, D.O., Sonibare, J.A., Justice, E.O., & Afolabi, T.J. (2011). Batch reactive
distillation studies for Acetic acid Recovery from Agueous Solution. Advances in

Biotechnology &Chemical Processes, 1, 1-11.

Bhatia, S., Mohamed, A.R., Ahmad, A.L., & Chin, S.Y. (2007). Production of Isopropyl
palmitate in a catalytic distillation column: Comparison between experimental and
simulation studies. Computers and Chemical engineering, 31, 1187-1198.

Bhatt, K., & Patel, N.M. (2012). Generalized Modeling and Simulation of reactive
distillation:E: ( 6-1352.

S A
e 4

oeis, 7T

Chiang, S.F., Kt L. for the Amyl
acetate Process: Coupled Reactor/Column and Reactive Distillation. Industrial and
Engineering Chemistry Research, 41(3), 3233-3246.d0i:10.1021/ie010358]

Chen, F., Huss, R.S., Malone, M.F., & Doherty M.F. (2000). Simulation of kinetic effects in

reactive distillation. Computers and chemical engineering, 24, 2457-2472.

De Silva, E.C.L., Bamunusingha, B.A.N.N., Gunasekera, M.Y. (2014). Heterogeneous
Kinetic Study for Esterification of Acetic acid with Ethanol. Engineer The Institution of
Engineers Sri Lanka, 42(1), 9-15.

58



Estrada-villagranna, A.D., & Bogle, 1.D.L. (1999). Exploring the interaction between flows
and composition in reactive distillation. Computers and Chemical engineering supplement,
S339-S342

Edreder, E.A., Mujtaba, 1.M., & Emtir M. (2011).Optimal operation of different types of
batch reactive distillaion columns used for hydrolysis of methyl lactate to lactic acid.
Chemical Engineering Journal, 172, 467-475.

Georgiadis, M.C., Schenk, M., Pistikopoulos, E.N., & Gani, R. (2002). The interactions of
design,control and operability in reactive distillation systems. Computers and chemical
engineering, 26, 735-746.

Harmsen, G.J. (2007). Reactive distillation: The front-runner of industrial process
intensification, A fi design and
operation. Ch .aag&ge neering | processing, 46, 774-780

Hiwale, R.S., Bhate, N.V., Mahajan, Y.S., & Mahajani, S.M. (2004). Industrial applications
of reactive distillation: Recent trends. International journal of chemical reactor

engineering, vol 2.

Huss, R.S., Chen, F., Malone, M.F., & Doherty, M.F. (2003). Reactive distillation for methyl

acetate production. Computers and Chemical engineering, 27, 1855-1866.

Jana, A.K, & Adari, P.V.R.K. (2009). Nonlinear state estimation and control of a batch

reactive distillation. Chemical engineering Journal, 150, 516-526.

59



Katariya, A.M., Kamath, R.S., Moudgalya, K.M., & Mahajani, S.M. Non-equilibrium stage
modeling and non-linear dynamic effects in the synthesis of TAME by reactive distillation.

Computers and Chemical engineering, 32, 2243-2255.

Kenig, E.Y., & Bader, H. (2001). Investigation of ethyl acetate reactive distillation process.
Chemical Engineering science, 56, 6185-6193.

Keller, T., Gorak, A. (2013). Modeling of homogeneously catalysed reactive distillation
processes in packed columns, Experimental model validation. Computers and Chemical
Engineering, 48, 74-88.

Krzysztof, A., & Francoise, D. (1996). Dynamic simulation of the Multi component Reactive
Distillation. Chemical Engineering Science , vol 51, No 18, PP4237-4252.

«
Lai, 1K, Liu, Y.C\¥&/C.C., Lee, M.J, & Hung ‘ f high purity
ethyl acetate e.Chemical

Engineering and Processing, 47, 1831-1843.

Lee, J.H., & Dudukovic, M.P., (1998). A Comparison of the equilibrium and non equilibrium
models for multi component reactive distillation column. Computers and Chemical
Engineering, 23, 159-172.

Liu, J, Yang, B., Lu, S., & Yi, C.(2013). Multi-scale study of reactive distillation. Chemical
Engineering Journal, 225, 280-291.

Maiti, D., Jana, A.K., Samantha A.N. (2013). Intensified thermal integration in Batch
Reactive Distillation. Applied Energy, 103, 290-297.

60



Muhammad, A., Arfaj, A., Luyben, W.L. (2002). Comparative control study of ideal and
Methyl acetate reactive distillation. Chemical Engineering Science, 57, 5039-5050.

Murat, M.N., Mohamed, A.R., & Bhatia, S. (2003). Modeling of a reactive distillation
column.Methyl tertiary butyl ether (MTBE) Simulation studies. ITUM Engineering

Journal, vol.4, No.2.

Patel, R., Singh, K., Pareek, V., Tade, M.O. (2007). Dynamic Simulation of Reactive Batch
Distillation column for Ethyl Acetate Synthesis. Chemical Product and Process Modelin
vol.2, Iss.2, Art 5.

Rahul, M., Kumar, M VV.P. Dwivedi, D., & Kaistha, N.(2009). An efficient algorithm for
rigorous dynamicSi tiop, of #eagtive-distilation celunis; Computers and Chemical
) _ . S "
Engineering, 33743361343,

Radulescu, G., Gangadwala, J., Paraschiv, N., Kienle, A., & Sundmacher, K. (2009).
Dynamics of reactive distillation processes with potential liquid phase splitting based on

equilibrium stage models. Computers and Chemical engineering, 33, 590-597.

Schneider, R., Noeres, C., Kreul, L.U., & Gorak, A. (2001). Dyanamic modeling and
simulation of reactive batch distillation. Computers and Chemical engineering, 25, 169-
176

Simandl, J., & Svrcek, W.Y. (1991). Extension of the simultaneous-solution and inside-
outside algorithms to distillation with chemical reactions. Computers chemical

engineering , vol.15, pp.337-348.

ga

61



Singh, B.P., Singh, R., Kumar, M.V.P., Kaistha, N. (2005). Steady-state analysis for reactive
distillation control:An MTBE Case study. Journal of loss prevention in the Process
Industries, vol.18, 283-292.

Smith, J.M., Van Ness, H.C., & Abbot, M.M., (1996). Introduction to Chemical Engineering
Thermodynamics , New York: The McGraw Hill companies, Inc.

Svandova, Z., Labovsky, J., Markos, J., & Jelemensky, L. (2009). Impact of mathematical
selection on prediction of steady state and dynamic behavior of a reactive distillation

column. Computers and Chemical engineering, 33, 788-793.

Taylor, R., & Krishna, R. (2000). Modeling reactive distillation-review, Chemical
Engineering Science, 55, 5183-5229.

62



Appendix A: An example calculation of parameters used for bubble point

calculation

Acetic acid:V,, =179.7cm®/mol; Z, = 0.211,T,, = 592K
Ethanol:V_, =167.0cm®/mol; Z , = 0.240; T, =513.9K
Water:V_, =55.9cm®/mol;Z_, = 0.229;T,, = 647.1K

Ethyl acetate:V,, = 286.0cm®/mol;Z_, = 0.255;T,, = 523.3K

(a) Calculating molar volumes

V sat =V Z (1_%C))-2857

Assume Tempel

sat f;% (S7DLN5 5 7
V™ =179.7 ciiEgsnol x0.21.1

0.2857

(1_37%13.9 )

V,* =167.0cm?®/mol x0.24 =61.92824

370 0.2857
(1* 6471 )

V,**" = 55.90cm®/mol x0.229 =17.579306

_37%23.3

V" — 286.0cm?/mol x0.255." ) _109.2657
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(b) Determination of temperature dependent parameters

G, = i exp[ — 2
1=y, TPURT

V. —a
G . =—-te I
v, Xp[ RT j

G,, = V2 exp| = exp (130.6527/370)=1.589567311

1 RT

a,,) 61.928
55.458

V
G,: = V_36Xp(

1

exp(—2.0311/370)=0.3152488279

—a,; ) 17.579306
RT 55.458

= exp(—1749.9343/370)= 0.0173980767
55.458

[— a, ., j 109.2657

—a
G,, = \%exp[ 24] — 22458 b (~101.6588/370) = 0.6803826245

2 RT ) 61.928
= —=exp|it=Ei— f=d
22 =y Py "

G, .= Bexp| —223 | =220F9Y8 ovpn(—198.1757/370) = 0.166150711
23 » pL RTJ 61.928 P ( /370)

exp(— 288.2011/370) = 0.8096835545

—a,, j ~109.2657

\%
G,,=-"2e
ARV Xp[ RT 61.928

—a
Gy, = Mexp| “ 221 |- 59498 . 403.1564/370)=1.061084683
’ 17.579306

—a
G,, =-2exp 22 |__61.928 ., (—466.1059/370) = 0.9995044523
' 17.579306

3
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—a
I =\£exp 34 | _ 109.2657 exp(—1195.67/370) = 0.2454945763
’ RT 17.579306

—a
G, =L exp a1 | 99458 o 1(464.1529/370) = 1.779461417
TV, 109.2657

—a
G,, = \Qexp az | _61.928 exp(— 28.8790/370) = 0.5242107598
SRV 109.2657

\V/ —a 17.579306
G,.=—3¢e 23 | = exp(—26981.1/370) = 3.4430 <10
v, Xp[ RT ] 109.2657 xP( 1/370)

G,., zx—“exp(o):l

4

(C) Detevw\:v\n-‘-;r\v\ AF antnsih s AannfFiAiANnt

€3
Y

Iny =1—1In X Gy ~ =
Ny, (475 LKJLZJXJ_GKJ_

XlGl,l

Iny, =1-IN(xX,G,;, +x,G,, +X;G, ; + X,G —
1 1 1,1 2 1,2 3 1,3 4 1,4
( ) XlGl,l + XZGl,Z + X3G1,3 + X4GL4

In 3, =—0.0551539989

v, = 0.9463394014

— XlGl.Z
ny,=1-IN(xG,, +x,G,, +x;,G,;,+Xx,G, ,)-——7—— -

XlGl,l + XZGl,Z + XSGl,3 + X4Gl,4

In 7, = 0.5781461348

- = 1L. 782730423
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Iny, =1—1In (leg’1 + XG5, + X3Gg 5 + X,Gy 4 ) — G
X1G1,1 + XZGI,Z + X3GI,3 + X4G1,4

In 3, =0.6604718476

v, =1.935705477

XlG4,3

ny, =1-IN(xG,;, +X,G,, +%X,G,, +%X,G — .
4 14,1 2 4,2 3%4,3 4 4,4
( ’ ’ ’ ' ) XlGl,l + X26‘1,2 + X3Gl,3 + X4G'l,4

In 7, = 0.4620788076

v, =1.587370395

(d)Calculating vapor pressure
Anotoine equation fﬁapour préssuve

log P** = A—i
T+C

For Acetic acid

A=7.5596, B =1644.05,C = 233.524

P = 383.063mmHg

For Ethanol
A=8.20417,B =1642.89,C = 230.3

P =1519.83mmHg
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For Water

A=8.07131,B =1730.63,C = 233.426

P* = 678.202mmHg

For Ethyl Acetate

A=7.2597,B =1369.41,C = 235.5

P =1378.21mmHg
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Appendix B: bubble point temperature determination example calculation

First Iteration of bubble point calculation
P=760mmHg
Let’s assume
(1) Acetic acid mole fraction=0.45
(2) Ethanol mole fraction=0.45
(3)Water mole fraction=0.1

(4) Ethyl acetate mole fraction=0

sat _ B,

o =————C,
A —log P
For Acetic acid A= 75506 B —1644.05.C — 233.524
-

TlSat =117.86 %ﬂ‘“

For Ethanol A b
TzSat =178.32

For Water A=8.07131,B =1730.63,C = 233.426
T2 =100

For Ethyl Acetate A =7.2597,B =1369.41,C =235.5

T =71.23

T — z XiTisat — Xl-l-lsat + XZTzsat + X3Tasat + X4-|-4sat
i

T =98.28°C
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Bi
T+C,

IOg Pisat — AI _
P =14375.13 P, =114.038 P =0.6776 P/ =3.1569

Iny =1- IanA Z XAy

D XAy

a,, =—130.6527 a,, =101.6588 a,, = 403.1564 a,, = —464.1529
a,, =2.0311 a,, =198.1757 a,, = 466.1059 a,, = 28.8790

a,, =1749.9343 a,, =198.1757 a,, — 466.1059 a,, — 28.879
a;; =0(fori=j)

(1) Acetic acid:V, :{_1?‘79.7(:m3 /mol;Z, =0,211, T, =592K
(2)Ethanol:V,, = 167‘6izm Imol.Z ., =.0,240: T, =513.9K

(3) Water:V,, =55.9cm®/mol; Z , =0.229;T, = 647.1K

(4) Ethyl acetate:V,, = 286.0cm® /mol; Z, =0.255;T,, =523.3K
1_-|— .2857
V sat — VC Z(g /I' c ))

T =98.28

V, =1.550876 V, =1.423288 V, =1.409967 V, =1.52938
Ay, =1 A,,=1344 A,,=0.903 A,,=0.005903543

A,, =0.809382492 A,, —=1.009447632 A,, = 0.554864221 A,, = 0.462530073
A,, =0.338271289 A,, —0.258238087 A,, =1 A,, —0.024490565

A, =3.941342859 A,, =0.855252092 A,; =0 A,,=1
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X, A

Ny, =1-IN ) XA, — ) =8
Zi: b Zk: szAkj

In y, =-0.03929 y, =0.961471

In y, =0.037237 y, =1.037939

Iy, =1.010128 y, = 2.745953

Iny, =0.03834 y, =1.039085

P

S (%71 @, P /P)

sat __
Pj =

Select Acetic acid as j component from the set (i)
Pfat =183.607
Calculate Temperatuf??

B.
T=— 1l _-C, T=7692536
A —In Pf""

Bi
T+C

IOg Pisat — AI _

P> =3536.322 P =36190.02 P =9345.951 P/ =38788.75

sat
_Xrin

P
y, =2.013199 vy, =22.24128 vy, =3.376782 y, =0

T =76.92536

A, =1 A,,=13296 A,,=0.9085 A,,=0.00662
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A,, =0.8170055 A,, =1.001833 A,, —0.56669 A,, = 0.470607162
A,, =0.34593 A,, =0.2645796 A,, =1 A,, —0.0265743
A, —3.83674 A,,=0.8589740 A,, =0 A,,=1
X, AL

Ny, =1-IN) XA, — ) —=——

Zi: b Zk:ZXjAkj
In y, =-0.03776 y, =0.962942
Iny, =0.02238 y, =1.022632
In y, =1.06441 y, = 2.899127
In y, =0.000163 y, =1.000163

P

O GRS

sat __
P =

Select Acetic acid a@'ﬁomponent from theset(4)
PJ.Sat =147.7789

Calculate Temperature

B.
T :—Jsat_Cj T =71.49526
Aj—ln PJ.
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By lIterating

Table 3.2:Bubble point temperature and vapor composition

Temperature Y1 Y, Y; Y,
98.28026 2.013199 22.24128 3.376782
76.92541 1.317713 15.55649 2.37511
71.49528 1.138841 13.78373 2.096188

Proceed the iteration till ) yi=1.

C::g iy
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Appendix C:Solving model equations

First Iteration of bubble point calculation
P=760mmHg

Let us assume
(1) Acetic acid mole fraction=0.45
(2) Ethanol mole fraction=0.45
(3)Water mole fraction=0.1
(4) Ethyl acetate mole fraction=0

B.

sat __ i

i T A Db Ci
A —log P
For Acetic acid A =7.5596, B =1644.05,C = 233.524

T, =117.86

T

For Ethanol A =&; 111 3=1642.89,C = 230.3
TS =78.32

For Water A=8.07131,B =1730.63,C = 233.426
TS =100

For Ethyl Acetate A =7.2597,B =1369.41,C =235.5

T =77.23

_ sat __ sat sat sat sat
T= Z X T = X T+ X, T+ X, T2+ %, T,
i

T =98.28°C
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Bi
T+C,

IOg Pisat — AI _

P =402.4583 P,* =1600.311 P;* =714.4188 P,/ =1435.393

Iy, =1-In > XA —ZX"—AK'
- AL

a,, =—130.6527 a,, =101.6588 a,, =403.1564 a,, = —464.1529
a,, =2.0311 a,,=198.1757 a,, =466.1059 a,, =28.8790
a,, =1749.9343 a,, =198.1757 a,, =466.1059 a,, = 28.879
a,; =0(fori=1})

(1) Acetic acid:Vv,_, = 179.7gm3 /mol;Z_ =0.211; T, = 592K

(2)Ethanol:v_, = 167.0crr{:_‘},ir.hol; I lectronm T, [ n658 9K

(3) Water:v_, = 55.9cm3\/:c;l; Z., =0.229;T, =647.1K

(4) Ethyl acetate:V_, = 286.0cm®/mol; Z_, = 0.255;T_, = 523.3K
T .2857
sat ___ (1 /r )O
Vosat —\ z YT

T =98.28

V, =55.5768 V, =62.1010 V, =17.6089 V, =109.5433

A, =1 A,,=1.1656 A,,=0.3166 A,, =1.1183

A,, =0.8659 A,,=1.009447632 A,,=0.2659 A,,=1.606
Ay, =2.7698 A,,=3.0325 A,,=1 A,,=4.2236

A,, =058% A,,=05616 A,,=0 A,,=1
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Iny =1- IanA Z Xl

> XAy

In y, =—0.00542 y, =0.9945

In ;, =—0.00908 j, =0.990957
In », =—0.31399 j, =0.730527

In », =0.167025 », =0.167025

P

AT CRES

sat
P =

Select Acetic acid as j component from the set (i)

P =323.347

ﬁ
./

Calculate Temperaftire
B.
T :—’t—Cj T =92.0349
A, —In P
B
IO Psat — A _ i
gh A T+C,

P =323.347 P;* =1280.348 P;* =567.3297 P/ =1198.784

7P5at
P

y, =0.19042 vy, =0.751245 vy, =0.054533 vy, =0

T =92.0349
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Ay, =1 A,,=11632 A,,=03172 A,,=1.1056
A, =0.86790 A,,=1 A,,=0.2669 A,,=16059
A,, =2.7582 A,,=3.01034 A,,=1 A,,—4.1803

A,, =05921 A,,=05609 A,,=0 A,,=1

Iny, =1- Ian A,

ZZX Ay

In , =—0.00551 j, =0.9945
In ;, =—0.00888 ;, =0.9911
In y, =—0.30934 », =0.7339
In », =0.172688 ,, =1.1884

P

Z( i/, (%%Psat)

sat _
Pi

Select Acetic acid aSJ component from the set (i)

PjSat =324.4535

Calculate Temperature

B.
A; —InP



By lIterating
Calculated through trial and error

Table C.1:Bubble point temperature and vapor composition

Iteration Input Output
temperature Y1 Y2 Y3 Ya temperature

number- | for Iteration of the Iteration

1 - 0.237007 | 0.938975 | 0.055173 0 98.28026

2 98.28026 0.19042 0.751245 | 0.054533 0 92.0349

3 92.0349 0.191055 0.75402 | 0.054985 0 92.13057

4 92.13057 0.191045 | 0.753976 | 0.054978 0 92.12905

5 92.12905 0.191045 | 0.753977 | 0.054978 0 92.12908

6 92.12908 0.191045 | 0.753977 | 0.054978 0 92.12908

Solving Algebr :aﬁﬁ?éa‘i;: 13

Assume
(A),=5000 (A)),=100 At=1min

Condenser holdup 100 moles assumed to be constant throughout the process.

Applying Euler method

(AO)t+At = At (\/1 - I—o - D) + (AO)t
. L )
Let us say V, =90; % =0.95;
1
L, =0.95x90 =855

D=V,—L,

D=90-85.5=4.5
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AtV
(X0 ) teat = (Xg,i s +T1(y1,i _Xo,i) + ARy,

ALV,
0i/2 =\ Rgi 1 — i — o, AtROi
02 = O, Dy + = (Vi —%o;) + AtR,

R :pz—Xi(folxz — K X;X,)
(inMi)

Where K, =4.76x10*litre / gmol.min (Mujtaba and Macchietto,1997).

K, =1.63x10litre / gmol.min (Mujtaba and Macchietto,1997).

M, =60.05 M, =46.068 M, =18.015 M, =88.105

10° x(4.76x10™* x0.45x 0.45-1.63x 10 x 0.1x 0)
(045 60.05 + 0.45 x 46.068 + 0.1 18.01528 + 0 x 88.105)

=0.00195

AH, =-14.5 Q’/ mol'{Giéssletet alll Zo01):

Calculation of Condenser composition at t=1minute

(Xo1) , = 0.45+0.9x(0.191045—-0.45) + 0.0019 = 0.2150

AtV, (

(XO,Z) 2 = (X0,2)1 +— y1,2\ - XO,Z) + AtRO,Z

(Xo,) » = 0.45+ 0.9 x x(0.753977 — 0.45) —0.00195 = 0.7216

AtV (

(Xo,3) 2 = (Xo,s)l +— Yz — X0’3) + AtRO’3

(Xo3) » = 0.1+0.9%(0.054978 —0.1) + 0.0019 = 0.0614

AtV
(X0,4) 2 = (X0,4)1 + Tl(ym - X0‘4) + AtRO’4
(Xo4), =0.9%(0.—0) + 0.0019 =0.0019
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Calculation of reactor composition at t=1minute

At L AtV
(Xl,i)t+At = (Xl,i )t +TO(X0J - X1,i) + Tl(xl,i — Vi )+ Rl,iAt

AtL,

(X)), =(Xy; ), + T(Xo,i - Xl,i) At—Vl(

Xii = Yui )+ R, At

At—LO( AtT\/l (X1,1 - yl,l)"' R,At

(X1), = (X1 ) + Xo1 — Xl,l) +

(X1), =0.45+85.5x10°(0.45-0.45) +90x10°(0.45-0.191045) = 0.4523

AtL

AtV
(X 2), = (X5 ), + TO(XO,Z - X1,2> + -

(Xl,2 - yl,2 >+ Rl,ZAt

(X,) , =0.45+90x10°(0.45-0.753977) = 0.4473

AR i\ QY4
(X1,3)2 = (X1,2 )1 + %Q"(Xo Kk | Xla) & All(xl.a n Y1v3)+ Rl,BAt

(X3), =0.1+855%x10°%(0.1-0.1) +90x10*(0.1—0.054978) = 0.1004

At Lo(

AtV
(Xp4) = (X4 )y +—— 13) -

(X1,3 - y1,3)+ Rl,BAt

03

(X,4), =0.9x107%(0-0)=0

Calculation of condenser heat load

AtV At
(Hio) oae =(Hio ) +T1(Hv,1 —H_,)+AtR,AH, _&
AtV, AtQ,

(Hio)o=(MHo) +T(HV,1 —H_ ) +AtR)AH, —
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H @) =T,(@1)x (xoy1 (D) x CPL+ X, , (1) x CP2 + Xg 5 (2) x CP3 + X, 4 (2) % cp4)
H, o (1) = 92.129 x (0.45x123.1+ 0.45x125.305 + 0.1 75.3759 + 0 x170)
H, ,(1) =10993J / mol

Hy . () =y, ()< cplx T, (t) + hfglx y,, (1) + Y, , (t) < cp2x T, (1) +...
hfg2 x Y12 )+ Yis (t)x cp3x T, (t) + hfg3 x Y13 t) + 3/1,4(1:)>< cp4 < T, (t) + hfg4d x Y14 )

H, (1) = 92.129x(0.1910x123.1+ 0.7539 x125.305 + 0.054978 x 75.3759 + 0x170) + ...
(24140 %.1910 + 39388 x 0.7539 + 0.0549 x 40715 + 31940 x 0)

H, , (1) = 47805J / mol

T,(2) =84.1866 X,,(2) =0.215 X,,(2) =0.7217 x,,(2) =0.0614 X,,(2) =0.0019

H_0(2) = To(2) + {€33§2) <SPLc o (D TI5R 3k %02 £REEPB i Kore() < cP4)
H, ,(2) =10259J / mol

T,(2) =92.3066 x,,(2) =0.4527 x,,(2)=0.4426 x,,(2)=0.1028 x,(2)=0.0019

A, (H o) —H ot +AD)

o~ Vi ((Hy 2@ = H o) )+ A ) < Ry (1) x AH,

Qo (t) =

100 % (10993 —10259)
1

Q, () = +90x (4780510259 )+100 x 0.00195 x 14500

Q, (1) = 3455367J / min
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Calculation of reactor heat load

AtQ, AL
A A

AtV.
< (HL,l - HL,O) _Tl(Hv,l - HL,1)"‘At RlAHr

(HL,l)t+At = (H L,1)t +

AtQ  AtL
A

AtV
0 (HL,l - HL,O) _T(Hv,l - HL,l) +At RlAHr

(HL,l)Z = (HL,l)l +

Hy L () = T, (t)x (X, () x CpL+ X, , () X CP2 + X, 5 () x CP3 + X, , (t) x Cp4)

H, @ =T,(@)x (%, @) x cpl+ x, ,(1) x P2 + X, 4(1) x cp3+ X, , (1) x cp4)
H,,(1) =92.129x (0.45x123.1+ 0.45x125.305 + 0.1x 75.3759 + 0 x170)
H, (1) =10993J / mol

H () =T,(t)= (x%t) x cpASCH O epBatx, Ot} ep8LiR Oty < cp4)

H, ,(2) =T,(2)x (x11(2) x CPL+ X, ,(2) x CP2 + X, 4 (2) x CP3+ X, , (2) x cp4)

H_,(2) =92.3066 x (0.4527 x123.1+ 0.4426 x125.305 + 0.1028 x 75.3759 + 0.0019 % 170)
H,,(2) =11008 J / mol

AMHLE+A) —H . (©)

QM = ~ Lo(H L ® = Ho@®)+Vi(Hy .0 = HL 0 )+ A xR (0 x AH,
DH 2 —H_ Q&

Q. = AOHLOTHLO), | 1,0~ H, )+ V(H, .0 — HL0 )« AD < RO*AH,

Q@) = 5000 x (110108 —10993) +85.5x (10993 —10993) + 90 x (47805 —10993 )+ 5000 x 0.00195 x 145(
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Appendix D:

M file for solving algebraic equations in reactive distillation modeling

Q

% This M file simulates batch reactive distillation column for acetic acid
esterification

Reflux=19; %Reflux can be specified

R=Reflux;

V1=90; %Vl can be specified

LO0OvervV1=0.95;

LO=V1*L0OverVl;

D=L0/R;
Al1(1)=5000; % initial molar holdup of reactor
A0 (1)=100; % AQ can be specified initial molar hold up of condenser

% 1l-Acetic acid 2-Ethanol 3-Water 4-Ethyl Acetate
x01(1)=0.45;x02(1)=0.45;x03(1)=0.1;x04(1)=0; % xol can be specified,molar
fraction of condenser

x11(1)=0.45;,%x12(1)=0.45;x13(1)=0.1;x14(1)=0; % molar fraction of reactor

i=1:4;

M(1)=[60.05 46.068 18.01528 88.105]; % Molecular mass of substances
kf=4.76*10"-4;

kr=1.63*10"-4; % rate constants

cpl=123.1;cp2=125.3050;cp3=75.3759;cpd=170; %specific heat capacity J/mol.K
hfgl=24140;hfg2=39388,;hfg3=40715;hfg4=31940; % lat t 1 ‘ £ vaporization
J/mol
deltaH=14500;

delT=1;
totaltime=1050;

ap(1)=0;
gt=0;

for t=1:delT:totaltime % time interval,min

rho=1000; % density

RO (t)=rho* (x01 (t)+x02 (t)+x03 (t)+x04 (t))* (kf*x01 (t) *x02 (t) -
kr*x03 (t) *x04 (t)) /(x01 (t)*M(1)+x02 (t)*M(2)+x03(t) *M(3)+x04 (t)*M(4));% rate
of reaction, condenser

R1(t)=rho* (x11 (t)+x12(t)+x13(t)+x14(t))*(kf*x11(t)*x12(t)-
kr*x13(t)*x14(t))/ (x11(t)*M(1)+x12(t)*M(2)+x13(t)*M(3)+x14 (t)*M(4));%rate
of reaction boiler

a=[x11(t) x12(t) x13(t) x14(t)];% molar fraction of components in reactor
[T1(t) yll(t) yl2(t) yl3(t) yl4(t)]=bubble point (760,a):;

b=[x01(t) x02(t) x03(t) x04(t)];% molar fraction of components in condenser
[TO(t) y01l(t) y02(t) y03(t) y04(t)]=bubble point (760,b);%calls bubble point
function
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AQ (t+delT)=A0(t) +delT* (V1-L0O-D);% molar holdup of condenser at time=t+delT
min

Al (t+delT)=Al1(t) +delT* (LO-V1) ;% molar holdup of reboiler at time=t+delT min

xOl(t+delT)=xOl(t)+delT*Vl*(yll(t) XOl(t))/AO(t)—delT*RO(t);

%02 (t+delT)=x02 (t) +delT*V1* (y12 (t)-x02(t)) /A0 (t)-delT*RO (t) ;

%03 (t+delT)=x03(t)+delT*V1* (y13(t)-x03(t)) /A0 (t)+delT*RO (t);

%04 (t+delT)=x04 (t)+delT*V1* (y14 (t)-x04(t)) /A0 (t)+delT*RO (t) ;

x11 (t+delT)=x11(t)+delT*L0* (x01 (t)-x11(t)) /Al (t)+delT*V1* (x1l(t)-
y11l(t)) /Al (t)-delT*R1(t);

x12 (t+delT)=x12 (t) +delT*L0* (x02 (t)-x12(t)) /Al (t)+delT*V1* (x12(t) -
y12(t)) /Al (t)-delT*R1(t);

x13 (t+delT)=x13 (t) +delT*LO* (x03 (t) -x13 (t)) /AL (t)+delT*V1* (x13 (t) -
y13(t)) /Al (t)+delT*R1(t);

%14 (t+delT)=x14 (t) +delT*L0* (x04 (t)-x14(t)) /Al (t)+delT*V1* (x14(t) -
y14 (t)) /Al (t)+delT*R1 (t);

ap (t+delT)=ap(t)+x04 (t);% average product mole fraction

AP (t)=D*ap(t);%total product moles

totaldis (t)=5100-A1(t)-A0(t);%accumilated total distillate

EAcpercentage (t)=AP(t)*100./totaldis (t);%percentage of distillate in the
product

end lt‘.—i-“

HLO(t):TO(t)*(xOlTE}*cpl+x02(t)*cp2+x03(t)*cp3+x04(t)*cp4); blar enthalpy
of LO flow, J/mole

HLO (t+delT)=T0 (t+delT) * (x01 (t+delT) *cpl+x02 (t+delT) *cp2+x03 (t+delT) *cp3+x04
(t+delT) *cpd) ;

HL1 (t)=T1(t)*(x11(t)*cpl+xl2(t)*cp2+x13(t)*cp3+x14(t)*cpd);% molar enthalpy
of reactor, J/mole

HL1 (t+delT)=T1 (t+delT) * (x11 (t+delT) *cpl+x12 (t+delT) *cp2+x13 (t+delT) *cp3+x14
(t+delT) *cpd) ;

HV1 (t)=yll(t)*cpl*T1(t)+hfgl*yll(t)+yl2(t)*cp2*T1l(t)+hfg2*yl2(t)+yl3(t)*cp3
*T1 (t) +hfg3*y13 (t)+yl4 (t) *cpd*T1 (t)+hfgd*yld (t);% molar enthalpy of V1
flow,J/mole;

Q0 (t)=A0(t)/delT* (HLO (t)-HLO (t+delT))+V1* (HV1 (t)-

HLO (t))+A0 (t) *RO(t) *deltaH; % condenser heat duty J/min

Ql(t)=Al(t)/delT* (HL1 (t+delT)-HL1(t))+LO* (HL1 (t)-HLO(t))+V1* (HV1 (t)~-

HL1 (t))-Al(t)*R1(t)*deltaH; % Reboiler heat duty J/min

gt=gt+Q1l (t);%total heat load of reactor J
end

Qt=gt/1000%total heat load reactor
Th=(totaltime-1) /60%batch time
productionrate=AP (totaltime) /Tb%production rate moles/hr
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Appendix E:

M file to calculate bubble point temperature

function[T,y5,y6,y7,y8]=bubble point (P, x)

%bubble point function calculates bubble point temperature

%and vapor phase composition , Input arguments

% (1)Acetic acid (2)Ethnol (3)Water (4)Ethyl acetate and PmmHg

$0utput arguments bubble point temperature and vapor phase composition

i=1:4;

A(i)=[7.5596 8.20417 8.07131 7.2597];%Anotonie constants
B(i)=[1644.05 1642.89 1730.63 1369.41];

C(1)=[233.524 230.3 233.426 235.5];

y2(i)=[0 0 0 0];

Tsat (1)=B (i) ./ (
Tapprox=sum (x (i
Psat (1)=10." (A (i

A(i1)-1logl0(P))-C(i); %SAnotonie equation
) .*Tsat (1)) ;
i)=-(B(1) ./ (Tapprox+C(i))));

%Calculation of activity coefficient

% Calculating molar volumes

Ve (1)=[179.7 167 55.9 286];% Critical volume

Zc(i)=[0.211 0.24 0.229 0.255];%Critical Compressibility factor
Tc(i)=[592 513.9 647.1 523.3];
Vsat(i)=Vc(i).*(Zc(i).A((l~(Tapprox+273.13)./Tc(i)).AO.2857));
m=1:4;n=1:4; éﬁiﬁ

a(m,n)=[1 —130.6€25#2 oOBlleCITaf1g34129as a8 3 M1S4OBlAl1HT11988.2011;403.1564
466.1059 1 1195% #464.1529 28.8790 26%981.1 171;

for m=1:4 : =

for n=1:4

G(m,n)=(Vsat(n).* (exp(-a(m,n) ./ (8.314* (Tapprox+273.13))))) ./Vsat (m);
end

end

for i=1:4
activity (i
(x (1)*G(1,
(x(2)*G

Pjsat=P*Psat
Templ=B (1) ./
Plsat (i)=10.
i=1:4;

yl(i)=x(1i).*activity(i).*Plsat(i)./P;

1) /sum(x (i) .*activity (i) .*Psat(i));
A(l)-loglO(Pjsat))-C(1);
(A(1)-(B(1) ./ (Templ+C(i))));

>~ ~

Error tolerance=0.0001;
old guess=Tapprox;
new_ guess=Templ;

while abs(new _guess-old guess)>Error tolerance

old guess=new_guess;
Templ=o0ld guess;

Vsat2 (i)=Vc (i) .* (Zc (i) . ((1-(Templ+273.13)./Tc(i)).”0.2857));
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for m=1:4
for n=1:4
G2 (m,n)=(
end

end

for i=1:4
activity2 (i)=exp(1l-

Vsat2 (n).* (exp(-a(m,n) ./ (8.314* (Templ+273.13))))) ./Vsat2 (m);

log (x (1) *G2(1i,1)+x(2)*G2(1,2)+x(3)*G2(1,3)+x(4)*G2(1,4)) -
(x(1)*G2(1,1)/(x(1)*G2(1,1)+x(2)*G2(1,2)+x(3)*G2 (1, 3)+X(4)*G2(l,4)))—
(x (2)*G2(2,1)/(x(l)*G2(2,1)+x(2)*G2(2,2)+x(3)*G2(2,3)+x(4)*G2(2,4)))—
(X(3)*G2(3,1)/(x(1)*G2(3,1)+x(2)*G2(3,2)+x(3)*G2(3,3)+x(4)*G2(3,4)))
(x(4)*G2(4,1)/(x(1)*G2(4,1)+x(2)*G2(4,2)+x(3)*G2(4,3)+x(4)*G2(4,4)))
end

i=1:4;

P2jsat=P*Plsat (
Temp2=B (1) ./ (A(
P2sat (1)=10." (A
i=1:4;

y2 (i)=x(1i).*activity2 (i) .*P2sat (i) ./P;

1) /sum(x (i) .*activity2 (i
1)-1ogl0(P2jsat))-C(1);
(1 )

)= (B(1) ./ (Temp2+C(1))));

new_guess=Temp2;
end

T=new guess;
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Appendix F

M file for heterogeneous catalyst

[

% This M file simulates batch reactive distillation column for acetic acid
% esterification with heterogeneous catalyst

Reflux=19; %Reflux can be specified

R=Reflux;

V1=90; %V1 can be specified

LOOverv1=0.95;

LO=V1*L0OverVl;

D=L0/R;
Al1(1)=5000; % initial molar holdup of reactor
AQ(1)=100; % AQ can be specified initial molar hold up of condenser

% 1-Acetic acid 2-Ethanol 3-Water 4-Ethyl Acetate
x01(1)=0.5;%x02(1)=0.5;,x03(1)=0;x04(1)=0; % xoi can be specified,molar
fraction of condenser

x11(1)=0.45;x12(1)=0.45;x13(1)=0.1;x14(1)=0; % molar fraction of reactor

D

1:4;

1)=[60.05 46.068 18.01528 88.105]; % Molecular mass of substances
5.0%10"-4;

kw=3.2*10"-2;

ke=1.3*10"-1; % rate constants

i=
M (
k=

cpl=123.1;cp2=125.3050;cp3=75.3759;cpd=170; %specific heat capacity J/mol.K
hfgl=24140;hfg2=39388;hfg3=40715;hfg4=31940; % latent heat of vaporization
J/mol

deltaH=14500; %$heat of reaction, J/mol

delT=1; i
totaltime=1050/;

ap(1)=0;
qt=0;

for t=1:delT:totaltime % time interval,min

o\

rho=1000; % density

)
1) +x02 (t) *M(2) +x03 (t) *M (3) +x04 (t) *M (4)) "2
rate of reaction,condenser

RO (t)=rho"2*265.28*k* (x01 (t) *x02 (t
(x03(t)*x04(t)/1.907))/ ((x01(t)*M(
+kw*x03 (t) *rho+ke*x02 (t) *rho) "2;%

Rl (t)=rho”2*13264*k* (x11 (t)*x12(t)-
(x13(t)*x14(t)/1.907))/ ((x11(t)*M(1)+x12(t)*M(2)+x13(t)*M(3)+x14(t)*M(4))"2
+kw*x13 (t) *rho+tke*x12 (t) *rho) "2;%rate of reaction boiler

x11(t) x12(t) x13(t) x14(t) % molar fraction of components in reactor

a=| 1;
[T1(t) yll(t) yl2(t) yl3(t) yld(t)]=bubble point(760,a);

b=[x01(t) x02(t) x03(t) x04(t)];% molar fraction of components in condenser
[TO(t) y01l(t) yO02(t) y03(t) y04(t)]=bubble point(760,b);%calls bubble point

function

AQ (t+delT)=A0 (t)+delT* (V1-L0-D) ;% molar holdup of condenser at time=t+delT
min
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Al (t+delT)=Al1l(t) +delT* (LO-V1) ;% molar holdup of reboiler at time=t+delT min

xOl(t+delT)=xOl(t)+delT*V1*(yll(t) -x01(t)) /A0 (t)-delT*RO (t) /A0 (t);
x02 (t+delT)=x02 (t) +delT*V1* (y12 (t) -x02 (t)) /A0 (t)-delT*RO (t) /A0 (t);
x03 (t+delT)=x03 (t)+delT*V1* (y13(t)-x03(t)) /A0 (t)+delT*RO (t) /A0 (t);
x04 (t+delT)=x04 (t)+delT*V1* (y14 (t)-x04 (t)) /A0 (t)+delT*RO (t) /A0 (t);
x11 (t+delT) xll( )+delT*LO*(xOl( )-x11(t)) /Al (t)+delT*V1* (x11(t)-
y11l(t))/Al(t)-delT*R1(t) /Al (t);

x12 (t+delT) x12( )+delT*LO*(xO (t)-x12(t)) /ALl (t)+delT*V1* (x12 (t)-
y12(t)) /Al (t)-delT*R1 (t) /Al (t);

x13 (t+delT) x13( )+delT*LO*(xO (t)-x13(t)) /ALl (t)+delT*V1* (x13(t)-
y13(t)) /Al (t)+delT*R1 (t) /ALl (t);

x14 (t+delT) x14( )+delT*LO*(xO4( ) -x14 (t)) /Al (t)+delT*V1* (x14 (t) -
y14 (t)) /Al (t)+delT*R1 (t) /Al (t);

ap (t+delT)=ap (t)+x04 (t) ;% average product mole fraction

AP (t)=D*ap(t);%stotal product moles

totaldis (t)=5100-A1(t)-A0(t);%accumilated total distillate

EAcpercentage (t)=AP(t)*100./totaldis (t);%percentage of distillate in the
product

Conversion (t)=(50-A0(t) .*x01(t))/50;

end

for t=1l:totaltird
HLO (t)=TO (t) * (X@
of LO flow, J 3
HLO(t+delT)=TO(ﬁ?ﬁélT)*(xOl(t+delT)*cp1+xO2(t+delT)*cp2+x03(t+delT)*cp3+xO4
(t+delT) *cpd) ;

HL1 (t)=T1(t)*(x11(t)*cpl+x1l2 (t)*cp2+x13(t)*cp3+x14(t)*cp4d);% molar enthalpy
of reactor, J/mole

HL1 (t+delT)=T1 (t+delT) * (x11 (t+delT) *cpl+x12 (t+delT) *cp2+x13 (t+delT) *cp3+x14
(t+delT) *cpd) ;

»$*cp1+x02( Ol Hep A HX0SWD ) e p 3 txbid () 1 Coly ; blar enthalpy

HV1 (t)=y1l1l(t) *cpl*T1(t)+hfgl*yll(t)+yl2(t)*cp2*T1(t)+hfg2*yl2(t)+yl3(t) *cp3
*T1(t)+hfg3*y13(t)+yl4 (t) *cpd*T1l (t)+hfgd*yld(t);% molar enthalpy of V1
flow,J/mole;

Q0 (t)=A0(t)/delT* (HLO (t)-HLO (t+delT))+V1* (HV1 (t) -

HLO (t))+A0 (t) *RO (t) *deltaH; % condenser heat duty J/min

Ql(t)=Al(t)/delT* (HL1 (t+delT)-HL1(t))+LO* (HL1 (t)-HLO(t))+V1* (HV1 (t)~-
HL1(t))-Al(t)*R1(t)*deltaH; % Reboiler heat duty J/min

gt=gt+Q1l (t);%total heat load of reactor J
end

Qt=gt/1000 %total heat load reactor
Tb=(totaltime-1) /60 %batch time
productionrate=AP (totaltime) /Tb $production rate moles/hr
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