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A class of models is derived for  studying the effects of chemical kinetics on residue 
curve maps fo r  reactive distillation. Activity-based rate andphase equilibrium expres- 
sions provide an accurate and thermodynamically consistent description of com- 
position changes in nonideal, reacting vapor-liquid mixtures. For certain strategies 
of operation, which dictate the rate of product removal, the model equations are 
nonautonomous, leading to unusual dynamic behavior. However, for  a certain 
special product removal policy, the effects of kinetics can be described by a single 
parameter, the Damkohler number, which measures the rate of reaction relative to 
prodflct removal. For small values of the Damkohler number, the nonreactive simple 
distillation residue curve map is recovered and the singular points are the pure 
components and azeotropes in the nonreactive mixture. A bifurcation analysis shows 
the deformation and, in some cases, the disappearance of these singular points as 
the Damkohler number is increased until the equilibrium reactive residue curve map 
is recovered at large values. This bifurcation analysis reveals the limitations of the 
equilibrium analysis. A model problem for  the reactive distillation of methyl tert- 
butyl ether from isobutene and methanol is solved. 

Introduction 
Distillation accompanied by chemical reaction is a process 

alternative that has the potential to lower process costs and 
reduce environmental emissions (Agreda et al., 1984, 1990; 
Grosser et al., 1987; Smith, 1981, 1990). Reactive distillation 
is not advantageous in every case, however, and there is a need 
for systematic methods to decide when it should be used and 
when it should not. Literature on design and synthesis methods 
for equilibrium reactive distillation is growing (see the review 
by Doherty and Buzad, 1992), which needs to be generalized 
to systems where chemical kinetics plays an important role. 

A concept that has found wide utility in recent years is the 
simple distillation residue curve map. It has been used by 
numerous authors to aid in the design, synthesis and analysis 
of nonreactive distillation systems. It has also been used as a 
tool for understanding distillation with equilibrium chemical 
reactions (Barbosa and Doherty, 1988). This article presents 
the effect of chemical kinetics on residue curve maps for re- 
active simple distillation. 

The effect of kinetics on the simple distillation of mixtures 
accompanied by chemical reaction in the liquid phase has also 
been studied by Solokhin et al. (1990a,b). They considered the 
general case of multiple reactions and gave detailed results for 
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the two special cases, A e B and 2A 9 B +  C. The differential 
equations that they developed for these cases were nonauton- 
omous: they had an explicit time-dependence on the righthand 
side of the equation. We show that their model is just one 
example of a family of models, which we derive in this article. 

We start by looking at a simplified model system, with equi- 
molar stoichionietry. A mathematical model is developed for 
this system and used to generate residue curves for different 
values of the characteristic parameters. Following this, the 
model is developed for a more general stoichiometry and then 
applied to the reactive mixture of isobutene, methanol and 
methyl tert-butyl ether (MTBE). 

A Simple Example 
We consider a liquid-phase reaction with stoichiometry 

A + Bo 2C. We assume that the liquid is an ideal mixture and 
that the reaction is elementary. The rate of reaction per mole 
of mixture is given by 
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Components 1 ,2  and 3 correspond to A ,  B, and C, respectively, 
K is the thermodynamic equilibrium constant, and k, is the 
forward reaction rate constant. We use mole fractions in the 
rate expressions, rather than concentrations, because they con- 
form more naturally to the method of writing material balances 
and vapor-liquid equilibrium models for distillation problems. 
This approach also has the advantage of giving a rate constant 
with units of reciprocal time regardless of the order of the 
reaction, allowing for a simple universal definition of the di- 
mensionless Damkohler number for all reaction orders. More 
importantly, as we shall show later, this kinetic form and a 
more general form based on the activities can give an accurate 
description of rate and equilibrium data. 

The overall and component material balances for simple 
distillation (Figure 1) are 

V 
dH -= - 
dt 

time (Ho/Vo) to the characteristic reaction time ( l /kf ,min) .  The 
quantity k , , ,  is the value of the forward rate constant at the 
lowest temperature on the boiling surface (the lowest boiling 
azeotrope or pure component in the system). The ratio k,/ 
k , , ,  is expected to be a monotonically increasing function of 
temperature and therefore monotonically increases along the 
residue curves. For this example, we take k, to be constant 
with a value of kf,mi,. Solving for the ratio H/Ho by rearranging 
Eq. 2 

and integrating gives the result 

Equation 5 can be written as 
and 

Expanding the derivative in Eq. 3 and incorporating Eq. 2 give 

dx, 
dt 

H -- Vx,= - Vy,-Hk, 

Dividing Eq. 4 by V and rearranging give 

where d t  = ( V / H ) d t .  The Damkohler number, Da= Hok,,mi,/ 
Vo, is a dimensionless ratio of a characteristic liquid residence 

Figure 1. Simple reactive distillation process. 

(7) 

3 =x,  - y ,  - Da ( x,x2 -- $ + e - E  (i=1,2) 
d t  

(8) 

This is the basic equation that must be solved to obtain the 
residue curves for simple distillation. In contrast to results for 
the equilibrium theory (Barbosa and Doherty, 1988; Ung and 
Doherty, 1994b), Eq. 8 cannot be solved without first speci- 
fying a policy for V/Vo (and thus implicitly a heating policy). 
Here, “policy” refers to the adjustment made, such as to the 
heating rate, to control the rate at which vapor is removed 
from the still. One possibility is to use a heating policy that 
will give V/Vo equal to H/Ho,  which gives 

( i =  1,2) (9) 

Another alternative is to use a heating policy that keeps 
V =  Vo for all times. This situation is close to what happens 
with a constant rate of heating policy (it is exact when all the 
components have the same heats of vaporization and when 
there is no heat of mixing or reaction). With such a policy Eq. 
8 becomes 

( i =  1,2) (10) 

Both of these models and many others represent the simple 
distillation process subject to a particular heating policy. In 
the first case, Eq. 9, the model is autonomous whereas in the 
second case (Eq. 10) the model is nonautonomous. Nonau- 
tonomous differential equations are not common in chemical 
engineering applications, but their qualitative properties are 
described in the mathematical literature. Nonautonomous sys- 
tems have certain properties which make their study both in- 
teresting and difficult. These include the fact that, unlike the 
autonomous case, the forward and reverse problems are not 
equivalent in the nonautonomous problem [ f ( g , t )  #&, - t ) ] .  
Another interesting property of nonautonomous equations 
is that the initial condition cannot be shifted in time 
Lf(xo,to) #f(xo, to+s) ,  - SZO]. A direct consequence of this is - - 
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that, while the integral curves are unique, the trajectories are 
not: trajectories may intersect themselves and each other in 
the phase plane (Davies and James, 1966; Sansone and Conti, 
1964). We solve for simple distillation residue curve maps using 
both the autonomous case (Eq. 9) and the nonautonomous 
case (Eq. 10). 

Calculation of Residue Curve Maps 

undergoes a reversible reaction 
Consider the simple distillation of a ternary mixture that 

with an equilibrium constant K = 2 ,  which is assumed to be 
independent of temperature. We will also assume that the three 
components form an ideal mixture whose vapor liquid equi- 
librium behavior can be described using constant volatilities 
of components A and B relative to C of 5 and 3, respectively. 
In all cases, the kinetic residue curve maps were generated by 
taking initial conditions around the periphery of the compo- 
sition triangle. For reference, the simple distillation residue 
curve map for the nonreactive mixture is shown in Figure 2. 
Barbosa and Doherty (1988) studied the case when the reaction 
reaches equilibrium instantaneously and showed that a reactive 
azeotrope may appear. In fact, for the parameter values se- 
lected, a maximum boiling reactive azeotrope does occur, as 
shown in Figure 3. 

Let us now see how the presence of a finite rate of reaction 
influences the simple distillation process. First, consider the 
autonomous model (Eq. 9) for a mixture with a large value 
for Da, that is, a very fast forward reaction. Figure 3 shows 
the residue curve map at Da= 100; at high values of Da, this 
model recovers the chemical equilibrium limit at long times. 

B 
(Intermediate) 

1 .07  

0.0 

C 
(Heavy) 

Figure 2. 
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Residue curve map for a nonreactive mixture 
for which volatilities of components A and B 
relative to C are 5 and 3, respectively. 
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Figure 3. Residue curve map at Da= 100 for a reactive 
mixture with the reaction A+ Bo2Cfor which 
the volatilities of components A and B relative 
to C are 5 and 3, respectively. 
The reaction equilibrium constant is equal to 2. 

The nonautonomous model (Eq. lo), on the other hand, gives 
the residue curve map shown in Figure 4 at Da= 100. As time 
increases, the residue curves do not approach the reactive azeo- 
trope, but approach the heaviest component instead. This can 
be explained from the form of the model equations, where the 

I 

'"A 

0.0 0.2 0.4 0.6 0.8 1.0 

H X I  L 

Figure 4. Residue curve map at Da= 100 for the mixture 
in Figure 3 using Eq. 10. 
Dashed line shows the position of the reaction equilibrium curve. 
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warped time appears explicitly in the reaction term as e - < .  
Initially this exponential term is on the order of unity so the 
presence of the reaction is felt, especially at large values of Da 
(Figure 4); for example, the residue curves initially move to- 
ward the equilibrium curve. At large values of .$, however, the 
exponential term is small and Eq. 10 approaches the non- 
reactive limit. Thus, it is not surprising that the residue curves 
approach the heaviest component at long times. 

We now show a selection of residue curve maps at other 
values of Da. First, we will consider the nonautonomous model. 
Figure 5 shows the residue curve maps at values of Da equal 

I 

'.On 

\ 
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Figure 5(a). Residue curve map at Da= 5 for the mixture 
in Figure 3 using Eq. 10. 
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to 5 and 1 ,  respectively. At large times, the residue curves 
behave essentially as they did at Da= 100, namely, they ap- 
proach the heaviest component. At short times, however, they 
differ in that the residue curves do not approach the reaction 
equilibrium curve closely at small values of Da (Figure 5b) as 
they do at larger values of Da. Figures 6a and 6b show residue 
curve maps for the autonomous model at values of Da equal 
to 5 and 1, respectively. Note that the residue curves are no 
longer constrained by the reaction equilibrium curve and that 
the residue curves terminate at different locations (approach 

I 
1 .o 

0.8 

0.6 

x2 

0.4 

0.2 

0.0 
0.0 0.2 0.4 0.6 0.8 I .o 
n X I  L 

Figure 6(a). Residue curve map at Da= 5 for the mixture 
in Figure 3 using Eq. 9. 
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Figure 5(b). Residue curve map at Da= 1 for the mixture 
in Figure 3 using Eq. 10. 
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Figure 6(b). Residue curve map at Da= 1 for the mixture 
in Figure 3 using Eq. 9. 
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a stable node at a different composition) as the value of Da 
is changed. We can solve for this stable node from Eq. 9. 

O=x,-y , -Da x,x,--  (i=1,2) ( 3 
Equations 12 have multiple solutions. It is easy to show that 
the pure component B vertex (x, =x ,  = 0) and the pure com- 
ponent A vertex (xz = x, = 0) are solutions, but pure component 
C is not. (See Appendix for an asymptotic analysis of Eq. 9.) 
These “trivial,” pure component solutions are independent of 
the value of the Damkohler number and the thermodynamic 
equilibrium constant. We are more interested in nontrivial 
feasible solutions, which are affected by the variation in the 
values of Da and K .  Figure 7 shows the single nontrivial sin- 
gular point for the mixture under consideration at several val- 
ues of Da. The singular point originates at the maximum boiling 
reactive azeotrope at large values of Da and moves toward the 
heaviest component as Da decreases, until in the limit of Da 
equal to zero the singular point corresponds to the composition 
of the heaviest component (component C). The curve in Figure 
7 represents a branch of stable nodes parameterized by Da. 

There are two characteristic parameters for this model: the 
Damkohler number, Da, and the thermodynamic equilibrium 
constant, K.  A large value of Da, for a given ratio of Ho/Vo, 
implies a very fast forward reaction, while a small Da implies 
a slow forward reaction. A large value of K means that the 
forward reaction rate constant is much larger than the reverse 
reaction rate constant, and the equilibrium curve is closer to 
the pure C vertex of the triangle (see Figure 8). This implies 
that the reaction is nearly irreversible. A small value of K 
means that the forward reaction is very slow and the reverse 
reaction is very fast. This implies that the equilibrium curve 
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Figure 7. Singular points of Eq. 9 for the mixture in 
Figure 3 at several values of Da. 
Dashed line represents the reaction equilibrium curve. 
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Figure 8. Position of the equilibrium curve as a function 
of Kfor the reaction A+ Ba2Cwhen the com- 
ponents form an ideal liquid mixture. 

is close to the A-B edge, as shown in Figure 8. See Table 1 
for a summary of the interplay between Da and K .  

Parametric Sensitivity 
In the above example, we considered a constant vapor rate 

policy, which led to the nonautonomous model and a policy 
in which the vapor rate changes in exactly the same manner 
as the liquid holdup in the still. For the first policy, the lighter 
components are driven off at a rapid rate and all the trajectories 
finally approach the pure C vertex (Figures 4 and 5). In the 
second policy, the trajectories approach a common curve and 
terminate at a stable node. For large values of Da, the common 
curve is the equilibrium curve, and the stable node corresponds 
to the reactive azeotrope. We have seen that the position of 
the stable node changes by changing the Damkohler number 
and the thermodynamic equilibrium constant. While this is an 

1 Table 1. Summary of the Interplay between Da and K I 
I Da K Remarks ----1 

Low Low Slow forward reaction; fast backward 
reaction; little or no product formation I 

Low High Slow forward reaction; slower reverse 
reaction; high product formation I 
Fast forward reaction; faster backward 
reaction; little product formation; equilib- 
rium curve near the A-B edge 

action; essentially an irreversible instanta- 
neous reaction 
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interesting case, the vapor rate policy that brings it about is 
rather restrictive, and it is of interest to study the effect of 
different vapor rate policies on the still paths. 

We assume V =  VoefE, and Eq. 8 becomes 

The two policies discussed earlier are just specific examples of 
this form, with E = - 1 in the first case (the decreasing vapor 
rate policy that makes V/Vo=H/Ho,  and gives Eq. 9), and 
e = O  in the second (the constant vapor rate policy, V= Vo, 
which gives Eq. 10). We found that for any value of E > O  
(which means that the vapor rate increases with time), the 
trajectories terminate at the pure C vertex (just as in the E = 0 
case). This is because the vapor rate is large enough so that 
the reaction cannot "keep up" with the vaporization. For 
values of E < - I (this means that the vapor rate decreases faster 
than the liquid holdup in the still), the trajectories terminate 
at the stable node, just as in the E =  - 1 case. For E between 0 
and - 1, the behavior of the trajectories is between those for 
e 2 0 and E I - 1. The still paths approach the common curve, 
stay on it for a finite time and then turn toward the pure 
component Cvertex. We can therefore conclude that the results 
obtained for the policy V/Vo = H/Ho hold qualitatively for 
other policies ( V/Vo<H/Ho) ,  and that they are not artifacts 
of the specific policy. 

A more general system 
In the previous example, we studied a mixture of just three 

species. We also ensured that the number of moles in the system 
was conserved by a specific choice of stoichiometry and we 
used a very simple description of the equilibrium and kinetic 
behavior. We now relax the assumptions. We still assume, 
however, that there is only one reaction in the liquid phase 
which we can represent by 

C. c. 

m =  I n = l  

where v, is the sroichiometric coefficient, A,  is the reacting 
species, c, is the number of reactants, and c,, is the number of 
products. Recall the convention that the stoichiometric coef- 
ficients are negative for the reactants and positive for the 
products. 

Writing a component material balance on the still, we get 

-= dHxd - Vyi+virH ( i =  1,. . . 
dt 

and we assume a rate law 

m =  I " = I  

k,is the forward reaction rate constant, k, is the reverse reaction 
rate constant, and the a's are the activities for the components. 
For liquid-phase reactions, the activities will be represented by 
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the product of the activity coefficient, yI, and the mole fraction, 
x,: a,=y(X,. 

Summing Eq. 15 over all the species, we get 

-= dH - V + v f H  
dt 

Cr + cp 

where vT= x u , .  Manipulating Eqs. 15 and 17 in the same 

manner as Eqs. 2 and 3 and incorporating Eq. 16 give 
I =  I 

[ i= l , .  . . ,(c,+c,- I)] (18) 

where K is the thermodynamic equilibrium constant defined 
by 

and AGO is the standard Gibbs energy change of the reaction. 
At long times the rate equation (Eq. 16) is consistent with 
thermodynamic equilibrium provided k,/k, = K .  Reaction equi- 
librium occurs at those temperatures and compositions which 
satisfy the equation 

m =  1 

We can rewrite Eq. 18 as 

H VO kJ ( x l - y , )  +- - - Da(v,-x,v , )  dx, 
d€ Ho V k,,,!" 
-= 

[ i = l , .  . . ,(c,+c,- I)] (21) 

where Da= (kJ,,,&)/Vo is the Damkohler number. For the 
general case, we cannot solve Eq. 17 to obtain an explicit 
relationship between H and Ho as in the earlier example. We 
can, however, examine the case where the vapor rate varies in 
the same way as the holdup, H/Ho= V/Vo, which leads to 

[ i= 1,. . . ,(c,+cp- l ) ]  (22) 

This equation reduces to the autonomous model for the simple 
example discussed in the previous section if we substitute ap- 
propriate values for the parameters. We can now apply the 
more general model to a more complex example, closer to 
industrial practice, which is the production of methyl tert-butyl 
ether (MTBE) from isobutene and methanol. 
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The MTBE example 
Methyl tert-butyl ether is an octane blending agent which 

was the fastest growing chemical in the 1980s. It is made by 
reacting isobutene and methanol in the liquid phase with tem- 
peratures in the range 40 to 100°C using an ion exchange resin 
(Rehfinger et al., 1990) or sulfuric acid as catalyst (Al-Jarallah 
et al., 1988b). We consider the case of a sulfuric acid catalyzed 
reaction. The principal reaction is 

isobutene + methanol o MTBE (23) 

Comparing with Eq. 14, the stoichiometric coefficients are 
v m m l  = - 1, vm=*= - 1, v , = ~  = 1 and vT= - 1, andEq. 22reduces 
to two independent equations 

(24) 
Da _- dXl - ( x , - y , ) + - r ( v , + x , )  (i=1,2) 

dC; kf,min 

where the numbers 1 and 2 stand for the components isobutene, 
and methanol, respectively. 

We obtained a kinetic model as follows. First, we took data 
from the literature for the thermodynamic equilibrium con- 
stant, K ,  as a function of temperature for the MTBE reaction 
(Al-Jarallah et al., 1988a). This is shown in Figure 9 as the 
logarithm of Kvs. reciprocal temperature. A linear least-squares 
fit of the data gives the following temperature dependence for 
the thermodynamic equilibrium constant 

6,820.0 
In(K)=-- 16.33 T 

where the temperature T is in Kelvin. Equation 25 is based on 
an integrated form of the van't Hoff equation 

where A# is the heat of reaction (assumed constant over the 
temperature range of the data), To is a reference temperature, 
and R is the universal gas constant. 

Next, we took molar concentration vs. time data from the 
literature at different temperatures (at a catalyst concentration 
of 1 To by weight of sulfuric acid) for the MTBE reaction (Eq. 
23) carried out in a liquid-phase batch reactor (Al-Jarallah et 
al., 1988b, 1993). These data were converted to mole fractions 
using the relation 

P, x, = - 
CPI 

where xi's are the mole fractions and pi's are the molar con- 
centrations. 

For a closed batch reactor (the vapor rate is zero), Eqs. 15 
and 17 give 

(28) 
dX, 
- = r ( v i - v T x , )  dt ( i =  1,. . . ,c,+c,) 

where 

T (Kelvin) 

371.36 310.37 363.63 357.14 350.88 34483 338.98 

I ' I  

where 

Substituting the values of vi and vT for the MTBE reaction 
into Eq. 28 and incorporating the facts that for liquid-phase 
reactions the activity can be expressed as the product of the 
liquid mole fraction and the activity coefficient and that the 
sum of the mole fractions is unity yield the following equations 

1.5 
0.00265 0.00270 0.00275 0.00280 0.00285 0.00290 0.00295 

I/T (Kelvin-') 

Figure 9. Plot of the logarithm of K as a function of 
reciprocal temperature. 
The points are experimental data taken from Al-Jarallah et al. 
(1988a). 
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_- dXl - r ( -  1 + X I )  
dt 

dx2 - = r ( - 1 + x 2 )  dt 

dx3 -=r(l +x3) 
dt 

The activity coefficients yI,  y2, and y 3  are well represented by 
the Wilson equation using parameters reported in Table 2. We 
solve this model by integrating any two of the differential 
equations together with the constraint c x i =  1. 

We fit the mole fraction vs. time data to our kinetic model 
(Eqs. 30 and 31, with K described by Eq. 25) to obtain the 
value of the forward reaction rate constant k, at different 
temperatures. A plot of the logarithm of the reaction rate 
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Table 2. Thermodynamic Data for the MTBE Example 

Constants for the Antoine Equation 

Component A B c v, (m3/mo1) 

isobutene (1) 20.64556 - 2125.74886 - 33.160 93.33 x 
methanol (2) 23.49989 - 3643.31362 - 33.434 44 .44~  
MTBE (3) 20.71616 -2571.58460 -34.420 118.8X 

Binary Interaction Parameters for the Wilson Equation 

A,, =O.O A21=2,576.8532 A31 =271.5669 
A,,= 169.9953 A22=O.O A,,= -406.3902 
A,,= -30.2477 A23= 1,483.2478 AJ,=O.O 

-4.0 - 

- 
p -4.5- - 

-5.0- 

1 Form of the Antoine Equation 

B In (Pat) =A + - 
T+ C 

I Wilson Equation 

I where 

constant k, vs. the reciprocal temperature (see Figure 10) is 
nearly linear and gives the following Arrhenius expression 

where the temperature T is in Kelvin and kf has the units of 
inverse minutes. 

Figure 1 1  compares the experimental and calculated values 
of the mole fraction of methanol as a function of time at a 

T (Kelvin) 

377.36 370.37 363.63 357.14 350.88 344.83 338.98 
-3.0 1 i 4.98 I I I I I 

-S.f 

t 6.73 

1 1.83 

14.09 

-6.0 I I I I I I 2.48 
0.00265 0.00270 0.00275 0.00280 0.00285 0.00290 0.00295 

1/T (Kelvin-1) 

Figure 10. Plot of the logarithm of k, as a function of 
reciprocal temperature. 
The points represent our fit of values for k, to the concentration 
vs. time data of Al-Jarallah et al. (1988b,1993). 

temperature of 353.15 K. The dashed line shows the equilib- 
rium value as predicted by the model. Note that the kinetic 
model has only one adjustable parameter, k,. 

Incorporating the kinetic model into Eq. 24 gives the com- 
plete model for the simple distillation of a reactive mixture of 
isobutene, methanol and MTBE. 

dx, k/ - = x ,  - y ,  +- Da( - 1 + X I )  
dt k/,min 

The phase equilibrium is represented by the relation 

Pyi = Pyxiyi  (34) 

The Wilson model used to represent the activity coefficients 
in the rate expression is also used for the VLE calculations. 
The Antoine equation is used for computing the vapor pres- 
sures of the components (see Table 2 for the form of the 
equations and the values of the constants used in the calcu- 
lations). We solve this model by integrating any two of the 
differential equations together with the constraint xi=  1. 

I 

For calculation, we must specify the operating pressure and 
the starting liquid composition in the still. In this example, the 
operating pressure was set.at 8 atm. At this pressure, the lowest 
boiling point is the azeotrope between isobutene and methanol 
with a composition of 6.7 mol Vo methanol and a boiling point 
of 60.2"C. The value of k,,min at this temperature is 0.0052 
min-I. Once the pressure and liquid composition have been 

0.8 1 

0.0 2.5 50 75 100 125 150 175 
Time (min) 

Figure 11. Calculated vs. experimental values of the 
mole fraction of methanol as a function of 
time at a temperature of 353.15 K. 

The points are experimental data of Al-Jarallah et al. 
(1988b, 1993). The predictions of the kinetic model (-)approach 
the equilibrium value (- - -) at larger times. 
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Figure 12. Simple distillation residue curve maps for the MTBE reaction at various values of Da and a pressure of 

8 atm. 

specified, we can determine the vapor composition and the 
temperature in the system by performing a bubble point cal- 
culation. This temperature is then used to evaluate the forward 
rate constant and the equilibrium constant. This allows us to 
take one step in the integration of the differential equations. 
The new liquid composition enables us to obtain a new vapor 
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composition and a new temperature, and so the integration 
proceeds. 

Integrations were performed for a number of initial com- 
positions and many values of the Damkohler number Da. 
Representative results of these calculations are plotted in the 
phase plane in Figures 12a to 12d. 
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Results 
Figure 12a shows that there are two azeotropes and a dis- 

tillation boundary in a nonreacting mixture (Du = 0) of iso- 
butene, methanol and MTBE. The trajectories approach either 
the pure methanol or the pure MTBE vertex depending on the 
initial conditions. As we increase the Damkohler number, the 
stable node at the pure MTBE vertex and the saddle on the 
methanol-MTBE edge move into the composition triangle (Fig- 
ure 12b). A bifurcation occurs at a critical Damkohler number 
of DuzO.143, where the stable node and the saddle meet and 
annihilate each other leaving a tangent pinch behind. For higher 
values of Du, the only stable node left in the system is the pure 
methanol vertex and all the trajectories go smoothly to this 
vertex (Figures 12c and 12d). The behavior of the singular 
points is summarized in Figure 13. Above Du~O.143,  the ki- 
netic map is qualitatively similar to the equilibrium reactive 
map; below DUE 0.143, the kinetic map is qualitatively similar 
to the nonreactive map. 

Above Du90.143, there is a severe tangent pinch (a very 
slow change of composition in simple distillation) at these 
pressures. This is not visible on the residue curve maps although 
it is an important feature for the production of MTBE in a 
continuous reactive distillation column (Doherty and Buzad, 
1992; Ung and Doherty, 1994a,b,c). As the Damkohler number 
increases, the tangent pinch moves toward the equilibrium 
curve, which it finally reaches at large Damkohler numbers 
(Figure 13). 

Since the MTBE reaction is exothermic, an increase in tem- 
perature leads to a decrease in the equilibrium constant (Eq. 
26), and so the equilibrium curve at lower pressures is closer 
to the pure MTBE vertex than that at higher pressures. This 
implies that operating a continuous distillation at lower pres- 
sures may yield a product that is richer in MTBE than one 
operating at higher pressures. This, however, needs to be traded 
off against the fact that some of the components (such as 
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Figure 13. Plot showing the movement of the saddle 
and stable node for the MTBE reaction as a 
function of the Damkohler number. 

isobutene) are highly volatile at lower pressures and require 
refrigeration to condense them. 

Conclusions 
We have derived a model (Eq. 21) that incorporates the effect 

of chemical kinetics on residue curve maps for reactive distil- 
lation. The model agrees with known results for the special 
cases of equilibrium chemical reaction (Barbosa and Doherty, 
1988), and finite-rate reaction with a particular heating policy 
(Solokhin et al., 1990a,b). It is shown that the heating policy 
has an effect on the qualitative structure of the model and its 
solution curves. Rapid heating produces a nonautonomous 
model with residue curves that intersect in the composition 
space. Slower heating, however, gives rise to an autonomous 
model with nonintersecting residue curves. 

Residue curve maps generated by the autonomous model 
can bedescribed by a single parameter, the Damkohler number, 
which measures the rate of reaction relative to product re- 
moval. For small values of the Damkohler number, the non- 
reactive simple distillation residue curve map is recovered, and 
the singular points are the pure components and azeotropes 
in the nonreactive mixture. A bifurcation analysis shows the 
deformation and, in some cases, the disappearance of these 
singular points as the Damkohler number is increased until the 
equilibrium reactive residue curve map is recovered at large 
values. If the final bifurcation has occurred, the kinetic maps 
corresponding to intermediate values of the Damkohler num- 
ber are qualitatively similar to the equilibrium reactive map; 
for example, a stable node in the kinetic map will lead to a 
maximum-boiling reactive azeotrope in the equilibrium reac- 
tive map. Conversely, if the Damkohler number is below the 
value corresponding to the final bifurcation, the kinetic map 
will differ qualitatively from the equilibrium reactive distil- 
lation residue curve map, and this bifurcation analysis reveals 
the limitations of the equilibrium analysis. The ability to ma- 
nipulate these features will allow greater flexibility in the design 
of continuous reactive distillation columns. 
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Notation 
a, = activity of component i 

A ,  A,, B,  C = generic chemical species 
c, = number of products 
c, = number of reactants 

1 = vector function 

H = liquid molar holdup, mol 
Ho = initial liquid molar holdup, mol 

K = thermodynamic equilibrium constant 
k, = forward reaction rate constant, Mime 

Da = Damkohler number (H,,kfl/V, dimensionless) 

AGO = standard Gibbs free energy change for the reaction 

Ah"' = standard enthalpy change (heat) of reaction, cal/mol 
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k,,,,, = forward rate of reaction at the lowest temperature on 
the boiling surface, l/time 

k, = reverse reaction rate constant, I/time 
P = total pressure 

= saturated vapor pressure for component i 
r = rate of reaction 

R = universal gas constant 
t = time 

T = temperature, K 
To = reference temperature, K 
V = vapor molar flow rate, mol/time 
Vo = initial vapor molar flow rate, mol/time 
x, = mole fraction of component i in the liquid phase 
y ,  = mole fraction of component i in the vapor phase x = state vector 

Greek letters 

Smith, L. A., “Method for the Preparation of Methyl Tertiary Butyl 
Ether,” U.S. Patent No. 4,978,807 (Dec. 18, 1990). 

Solokhin, A. V., S. A. Blagov, L. A. Serafimov, and V. S. Timofeev, 
“Open Evaporation Processes Accompanied by Chemical Reaction 
in the Liquid Phase,” Theor. Found. Chem. Eng., 24(2), 103 (1990a). 

Solokhin, A. V., S. A. Blagov, L. A. Serafimov, and V. S. Timofeev, 
“Dynamical System for Open Evaporation Process in Presence of 
A*B Chemical Reaction,” Theor. Found. Chem. Eng., 24(5), 377 
(1990b). 

Ung, S., and M. F. Doherty, “Vapor-liquid Phase Equilibrium in 
Systems with Multiple Chemical Reactions,” Chem. Eng. Sci., in 
press (1994a). 

Ung, S., and M. F. Doherty, “Calculation of Residue Curve Maps 
for Mixtures with Multiple Equilibrium Chemical Reactions,” Ind. 
Eng. Chem. Res., in press (1994b). 

Ung, S., and M. F. Doherty, “Synthesis of Reactive Distillation Sys- 
tems with Multiple Equilibrium Chemical Reactions,” Ind. Eng. 
Chem. Rex,  in press (1994~). 

y, = liquid activity coefficient 
6 = parameter that determines the vapor rate policy 
v, = stoichiometric coefficient of component i 
vT = algebraic sum of the stoichiometric coefficients of the Appendix: AS mptotic Analysis for the 

components in the reaction Autonomous Lode1 
8 = time variable defined after Eq. 35 

p, = molar concentration of species i 
E = “warped” time variable defined after Eq. 5, = In ( Ho/ 

H )  

Subscripts 
A, B,  C = components A ,  B,  and C 

i = component i 
m = reactants 
n = products 
0 = initial value 

1, 2, 3 = components A ,  B,  and C 
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Equation 9 can be rewritten as 

where 

d6= (Da)d i  

For large values of Da and initial conditions far from equi- 
librium, the first term on the righthand side of Eq. A1 is very 
small when compared to the second term. Therefore, neglecting 
the first term, Eq. A1 may be written as 

Writing out the equations individually and dividing the second 
by the first, we get 

Equation A4 implies that for initial conditions far from equi- 
librium, for systems with large Damkohler numbers, the initial 
slope of the residue curves should be unity. Figures 4 and 5 
satisfy this condition. 

It may be noted that these results agree with the equilibrium 
theory. The lines with a slope of unity are identical to  the 
stoichiometric lines of constant transformed composition de- 
scribed by Barbosa and Doherty (1988). In the equilibrium 
theory, trajectories approach the reaction equilibrium curve 
with infinite speed and, on reaching it, move along the equi- 
librium curve at a finite speed. 
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