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

calculation 

Acetic acid: KTZmolcmV ccc 592;211.0;/7.179 11

3

1   

Ethanol: KTZmolcmV ccc 9.513;240.0;/0.167 11

3

2   

Water: KTZmolcmV ccc 1.647;229.0;/9.55 11

3

1   

Ethyl acetate: KTZmolcmV ccc 3.523;255.0;/0.286 11

3

1   

 

 

  (a) Calculating molar volumes
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Assume Temperature (T) 370K 
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(b) Determination of temperature dependent parameters 
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 (c) Determination of activity coefficient 
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4,143,132,121,11

3,11

4,343,332,321,313 ln1ln
GxGxGxGx

Gx
GxGxGxGx


  

6604718476.0ln 3   
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(d)Calculating vapor pressure 

 

Anotoine equation for vapour pressure 

 

CT

B
AP sat


log  

For Acetic acid 

524.233,05.1644,5596.7  CBA  

mmHgP sat 063.3831   

 

 

For Ethanol 

3.230,89.1642,20417.8  CBA  

mmHgPsat 83.15192   

935705477.13 

587370395.14 
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For Water 

426.233,63.1730,07131.8  CBA  

mmHgP sat 202.6783   

 

For Ethyl Acetate 

5.235,41.1369,2597.7  CBA  

mmHgPsat 21.13784   
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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 

i

i

isat

i C
PA

B
T 




log
 

For Acetic acid  524.233,05.1644,5596.7  CBA  

86.1171 satT  

For Ethanol   3.230,89.1642,20417.8  CBA  

32.782 satT  

         For Water       426.233,63.1730,07131.8  CBA  

1003 satT  

         For Ethyl Acetate     5.235,41.1369,2597.7  CBA  

23.774 satT  

 

satsatsatsatsat
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i TxTxTxTxTxT 44332211   

CT 028.98  
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)(0, jifora ji   

         (1) Acetic acid: KTZmolcmV ccc 592;211.0;/7.179 11

3

1   

         (2)Ethanol: KTZmolcmV ccc 9.513;240.0;/0.167 11

3

2   

          (3) Water: KTZmolcmV ccc 1.647;229.0;/9.55 11

3

1   

          (4) Ethyl acetate: KTZmolcmV ccc 3.523;255.0;/0.286 11

3
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By Iterating 

Table 3.2:Bubble point temperature and vapor composition 

    Temperature                Y1               Y2               Y3              Y4 

98.28026 2.013199 22.24128 3.376782 0 

76.92541 1.317713 15.55649 2.37511 0 

71.49528 1.138841 13.78373 2.096188 0 

 

 

Proceed the iteration till ∑yi=1. 
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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 

i

i

isat

i C
PA

B
T 




log
 

For Acetic acid  524.233,05.1644,5596.7  CBA  

86.1171 satT  

For Ethanol   3.230,89.1642,20417.8  CBA  

32.782 satT  

         For Water       426.233,63.1730,07131.8  CBA  

1003 satT  

         For Ethyl Acetate     5.235,41.1369,2597.7  CBA  

23.774 satT  
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3

1   

(2)Ethanol: KTZmolcmV ccc 9.513;240.0;/0.167 11

3

2   

 (3) Water: KTZmolcmV ccc 1.647;229.0;/9.55 11

3

1   

(4) Ethyl acetate: KTZmolcmV ccc 3.523;255.0;/0.286 11
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1056.13172.01632.11 4,13,12,11,1 
  

6059.12669.0186790.0 4,23,22,21,2 
 

1803.4101034.37582.2 4,33,32,31,3   

105609.05921.0 4,43,42,41,4   
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By Iterating 

Calculated through trial and error 

Table C.1:Bubble point temperature and vapor composition 

Iteration 

number 

Input 

temperature 

for Iteration 

Y1 Y2 Y3 Y4 

Output 

temperature 

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 Algebraic equations 

Assume 

min1100)(5000)( 1011  tAA  

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

Applying Euler method 

ttt ADLVtA )()()( 0010   

Let us say ;95.0;90
1

0
1 

V
L

V  

5.859095.00 L  

01 LVD   

5.45.8590 D  
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)( 4321 xxKxxK
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x
R rf

ii
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  Where min./1076.4 4 gmollitreK f

 (Mujtaba and Macchietto,1997). 

   min./1063.1 4 gmollitreKr

 (Mujtaba and Macchietto,1997). 

   105.88015.18068.4605.60 4321  MMMM  

    

 
 

00195.0
105.88001528.181.0068.4645.005.6045.0

01.01063.145.045.01076.410 443









R  

molkJHr /5.14 (Giessleret al., 2001). 

Calculation of Condenser composition at t=1minute 

  2150.00019.045.0191045.09.045.0)( 21,0 x  
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1
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1
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Calculation of reactor composition at t=1minute 
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Calculation of condenser heat load 
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Calculation of reactor heat load 
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Appendix D: 

M file for solving algebraic equations in reactive distillation modeling  

 

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

esterification 

Reflux=19; %Reflux can be specified 

R=Reflux; 

V1=90;   %V1 can be specified 

L0OverV1=0.95; 

L0=V1*L0OverV1; 

D=L0/R; 

A1(1)=5000;  % initial molar holdup of reactor 

A0(1)=100;   % A0 can be specified initial molar hold up of condenser 

% 1-Acetic acid 2-Ethanol 3-Water 4-Ethyl Acetate 

x01(1)=0.45;x02(1)=0.45;x03(1)=0.1;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 

 

i=1:4; 

M(i)=[60.05 46.068 18.01528 88.105]; % Molecular mass of substances 

kf=4.76*10^-4; 

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

 

cp1=123.1;cp2=125.3050;cp3=75.3759;cp4=170; %specific heat capacity J/mol.K 

hfg1=24140;hfg2=39388;hfg3=40715;hfg4=31940; % latent heat of vaporization 

J/mol 

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

 

 

delT=1;      % step size 

totaltime=1050; 

 

ap(1)=0; 

qt=0; 

 

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

 

rho=1000;  % density 

 

 

 

R0(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) y11(t) y12(t) y13(t) y14(t)]=bubble_point(760,a); 

 

b=[x01(t) x02(t) x03(t) x04(t)];% molar fraction of components in condenser 

[T0(t) y01(t) y02(t) y03(t) y04(t)]=bubble_point(760,b);%calls bubble point 

function 
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A0(t+delT)=A0(t)+delT*(V1-L0-D);% molar holdup of condenser at time=t+delT 

min 

 

A1(t+delT)=A1(t)+delT*(L0-V1);% molar holdup of reboiler at time=t+delT min 

 

 

 

x01(t+delT)=x01(t)+delT*V1*(y11(t)-x01(t))/A0(t)-delT*R0(t); 

x02(t+delT)=x02(t)+delT*V1*(y12(t)-x02(t))/A0(t)-delT*R0(t); 

x03(t+delT)=x03(t)+delT*V1*(y13(t)-x03(t))/A0(t)+delT*R0(t); 

x04(t+delT)=x04(t)+delT*V1*(y14(t)-x04(t))/A0(t)+delT*R0(t); 

 

 

 

x11(t+delT)=x11(t)+delT*L0*(x01(t)-x11(t))/A1(t)+delT*V1*(x11(t)-

y11(t))/A1(t)-delT*R1(t); 

x12(t+delT)=x12(t)+delT*L0*(x02(t)-x12(t))/A1(t)+delT*V1*(x12(t)-

y12(t))/A1(t)-delT*R1(t); 

x13(t+delT)=x13(t)+delT*L0*(x03(t)-x13(t))/A1(t)+delT*V1*(x13(t)-

y13(t))/A1(t)+delT*R1(t); 

x14(t+delT)=x14(t)+delT*L0*(x04(t)-x14(t))/A1(t)+delT*V1*(x14(t)-

y14(t))/A1(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 

 

 

for t=1:totaltime-1 

HL0(t)=T0(t)*(x01(t)*cp1+x02(t)*cp2+x03(t)*cp3+x04(t)*cp4);% molar enthalpy 

of L0 flow, J/mole 

HL0(t+delT)=T0(t+delT)*(x01(t+delT)*cp1+x02(t+delT)*cp2+x03(t+delT)*cp3+x04

(t+delT)*cp4); 

HL1(t)=T1(t)*(x11(t)*cp1+x12(t)*cp2+x13(t)*cp3+x14(t)*cp4);% molar enthalpy 

of reactor, J/mole 

HL1(t+delT)=T1(t+delT)*(x11(t+delT)*cp1+x12(t+delT)*cp2+x13(t+delT)*cp3+x14

(t+delT)*cp4); 

 

HV1(t)=y11(t)*cp1*T1(t)+hfg1*y11(t)+y12(t)*cp2*T1(t)+hfg2*y12(t)+y13(t)*cp3

*T1(t)+hfg3*y13(t)+y14(t)*cp4*T1(t)+hfg4*y14(t);% molar enthalpy of V1 

flow,J/mole; 

Q0(t)=A0(t)/delT*(HL0(t)-HL0(t+delT))+V1*(HV1(t)-

HL0(t))+A0(t)*R0(t)*deltaH; % condenser heat duty J/min 

Q1(t)=A1(t)/delT*(HL1(t+delT)-HL1(t))+L0*(HL1(t)-HL0(t))+V1*(HV1(t)-

HL1(t))-A1(t)*R1(t)*deltaH; % Reboiler heat duty J/min 

 

qt=qt+Q1(t);%total heat load of reactor J 

end 

 

 

 

Qt=qt/1000%total heat load reactor 

Tb=(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 

%Output 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(i)=[233.524 230.3 233.426 235.5]; 

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

 

Tsat(i)=B(i)./(A(i)-log10(P))-C(i); %Anotonie equation 

Tapprox=sum(x(i).*Tsat(i)); 

Psat(i)=10.^(A(i)-(B(i)./(Tapprox+C(i)))); 

 

%Calculation of activity coefficient 

 

% Calculating molar volumes 

Vc(i)=[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];%Critical temperature 

Vsat(i)=Vc(i).*(Zc(i).^((1-(Tapprox+273.13)./Tc(i)).^0.2857)); 

m=1:4;n=1:4; 

a(m,n)=[1 -130.6527 2.0311 1749.9343;101.6588 1 198.1757 288.2011;403.1564 

466.1059 1 1195.67;-464.1529 28.8790 26981.1 1]; 

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)=exp(1-log(x(1)*G(i,1)+x(2)*G(i,2)+x(3)*G(i,3)+x(4)*G(i,4))-

(x(1)*G(1,i)/(x(1)*G(1,1)+x(2)*G(1,2)+x(3)*G(1,3)+x(4)*G(1,4)))-

(x(2)*G(2,i)/(x(1)*G(2,1)+x(2)*G(2,2)+x(3)*G(2,3)+x(4)*G(2,4)))-

(x(3)*G(3,i)/(x(1)*G(3,1)+x(2)*G(3,2)+x(3)*G(3,3)+x(4)*G(3,4)))-

(x(4)*G(4,i)/(x(1)*G(4,1)+x(2)*G(4,2)+x(3)*G(4,3)+x(4)*G(4,4)))); 

end 

i=1:4; 

Pjsat=P*Psat(1)/sum(x(i).*activity(i).*Psat(i)); 

Temp1=B(1)./(A(1)-log10(Pjsat))-C(1); 

P1sat(i)=10.^(A(i)-(B(i)./(Temp1+C(i)))); 

i=1:4; 

y1(i)=x(i).*activity(i).*P1sat(i)./P; 

 

Error_tolerance=0.0001; 

old_guess=Tapprox; 

new_guess=Temp1; 

 

while abs(new_guess-old_guess)>Error_tolerance 

 

old_guess=new_guess; 

Temp1=old_guess; 

 

Vsat2(i)=Vc(i).*(Zc(i).^((1-(Temp1+273.13)./Tc(i)).^0.2857)); 
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for m=1:4 

for n=1:4 

G2(m,n)=(Vsat2(n).*(exp(-a(m,n)./(8.314*(Temp1+273.13)))))./Vsat2(m); 

end 

end 

for i=1:4 

activity2(i)=exp(1-

log(x(1)*G2(i,1)+x(2)*G2(i,2)+x(3)*G2(i,3)+x(4)*G2(i,4))-

(x(1)*G2(1,i)/(x(1)*G2(1,1)+x(2)*G2(1,2)+x(3)*G2(1,3)+x(4)*G2(1,4)))-

(x(2)*G2(2,i)/(x(1)*G2(2,1)+x(2)*G2(2,2)+x(3)*G2(2,3)+x(4)*G2(2,4)))-

(x(3)*G2(3,i)/(x(1)*G2(3,1)+x(2)*G2(3,2)+x(3)*G2(3,3)+x(4)*G2(3,4)))-

(x(4)*G2(4,i)/(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*P1sat(1)/sum(x(i).*activity2(i).*P1sat(i)); 

Temp2=B(1)./(A(1)-log10(P2jsat))-C(1); 

P2sat(i)=10.^(A(i)-(B(i)./(Temp2+C(i)))); 

i=1:4; 

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

 

new_guess=Temp2; 

end 

 

T=new_guess; 

y5=y2(1); 

y6=y2(2); 

y7=y2(3); 

y8=y2(4); 
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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 

L0OverV1=0.95; 

L0=V1*L0OverV1; 

D=L0/R; 

A1(1)=5000;  % initial molar holdup of reactor 

A0(1)=100;   % A0 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 

 

i=1:4; 

M(i)=[60.05 46.068 18.01528 88.105]; % Molecular mass of substances 

k=5.0*10^-4; 

kw=3.2*10^-2; 

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

 

cp1=123.1;cp2=125.3050;cp3=75.3759;cp4=170; %specific heat capacity J/mol.K 

hfg1=24140;hfg2=39388;hfg3=40715;hfg4=31940; % latent heat of vaporization 

J/mol 

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

 

 

delT=1;      % step size 

totaltime=1050;  %minutes 

 

ap(1)=0; 

qt=0; 

 

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

 

rho=1000;  % density 

 

 

 

R0(t)=rho^2*265.28*k*(x01(t)*x02(t)-

(x03(t)*x04(t)/1.907))/((x01(t)*M(1)+x02(t)*M(2)+x03(t)*M(3)+x04(t)*M(4))^2

+kw*x03(t)*rho+ke*x02(t)*rho)^2;% rate of reaction,condenser 

 

 

R1(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+ke*x12(t)*rho)^2;%rate of reaction boiler  

 

a=[x11(t) x12(t) x13(t) x14(t)];% molar fraction of components in reactor 

[T1(t) y11(t) y12(t) y13(t) y14(t)]=bubble_point(760,a); 

 

b=[x01(t) x02(t) x03(t) x04(t)];% molar fraction of components in condenser 

[T0(t) y01(t) y02(t) y03(t) y04(t)]=bubble_point(760,b);%calls bubble point 

function 

 

A0(t+delT)=A0(t)+delT*(V1-L0-D);% molar holdup of condenser at time=t+delT 

min 
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A1(t+delT)=A1(t)+delT*(L0-V1);% molar holdup of reboiler at time=t+delT min 

 

 

 

x01(t+delT)=x01(t)+delT*V1*(y11(t)-x01(t))/A0(t)-delT*R0(t)/A0(t); 

x02(t+delT)=x02(t)+delT*V1*(y12(t)-x02(t))/A0(t)-delT*R0(t)/A0(t); 

x03(t+delT)=x03(t)+delT*V1*(y13(t)-x03(t))/A0(t)+delT*R0(t)/A0(t); 

x04(t+delT)=x04(t)+delT*V1*(y14(t)-x04(t))/A0(t)+delT*R0(t)/A0(t); 

 

 

 

x11(t+delT)=x11(t)+delT*L0*(x01(t)-x11(t))/A1(t)+delT*V1*(x11(t)-

y11(t))/A1(t)-delT*R1(t)/A1(t); 

x12(t+delT)=x12(t)+delT*L0*(x02(t)-x12(t))/A1(t)+delT*V1*(x12(t)-

y12(t))/A1(t)-delT*R1(t)/A1(t); 

x13(t+delT)=x13(t)+delT*L0*(x03(t)-x13(t))/A1(t)+delT*V1*(x13(t)-

y13(t))/A1(t)+delT*R1(t)/A1(t); 

x14(t+delT)=x14(t)+delT*L0*(x04(t)-x14(t))/A1(t)+delT*V1*(x14(t)-

y14(t))/A1(t)+delT*R1(t)/A1(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 

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

end 

 

 

for t=1:totaltime-1 

HL0(t)=T0(t)*(x01(t)*cp1+x02(t)*cp2+x03(t)*cp3+x04(t)*cp4);% molar enthalpy 

of L0 flow, J/mole 

HL0(t+delT)=T0(t+delT)*(x01(t+delT)*cp1+x02(t+delT)*cp2+x03(t+delT)*cp3+x04

(t+delT)*cp4); 

HL1(t)=T1(t)*(x11(t)*cp1+x12(t)*cp2+x13(t)*cp3+x14(t)*cp4);% molar enthalpy 

of reactor, J/mole 

HL1(t+delT)=T1(t+delT)*(x11(t+delT)*cp1+x12(t+delT)*cp2+x13(t+delT)*cp3+x14

(t+delT)*cp4); 

 

HV1(t)=y11(t)*cp1*T1(t)+hfg1*y11(t)+y12(t)*cp2*T1(t)+hfg2*y12(t)+y13(t)*cp3

*T1(t)+hfg3*y13(t)+y14(t)*cp4*T1(t)+hfg4*y14(t);% molar enthalpy of V1 

flow,J/mole; 

Q0(t)=A0(t)/delT*(HL0(t)-HL0(t+delT))+V1*(HV1(t)-

HL0(t))+A0(t)*R0(t)*deltaH; % condenser heat duty J/min 

Q1(t)=A1(t)/delT*(HL1(t+delT)-HL1(t))+L0*(HL1(t)-HL0(t))+V1*(HV1(t)-

HL1(t))-A1(t)*R1(t)*deltaH; % Reboiler heat duty J/min 

 

qt=qt+Q1(t);%total heat load of reactor J 

end 

 

 

 

Qt=qt/1000 %total heat load reactor 

Tb=(totaltime-1)/60 %batch time 

productionrate=AP(totaltime)/Tb %production rate moles/hr 

 

 


