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Feasible direct and indirect sharp splits for multicomponent single-feed continuous
reactive distillation are predicted with a model, in which each column section is repre-
sented by a series of cocurrent isobaric flashes. In the limits of no reaction and equilib-
rium chemical reaction, the model reduces to conventional models for distillation lines,
and each column section can be represented by the same equations. At intermediate
reaction rates, however, the models for the column sections differ, and new results for
fixed points and feasible products are obtained. A bifurcation study shows the limits of
feasibility, including the influence of flow rate, catalyst level and holdup. Unlike distilla-
tion without reaction, limited ranges of feasibility in all of these variables are found. The
method has been applied to five examples, one of which is described in detail. Feasibil-
ity predictions are validated by column simulations.

Introduction

Reactive distillation is potentially attractive whenever there
is a liquid-phase reaction that involves an excess of reactant.
In addition to potential reduced capital and energy costs, re-
active distillation can lead to higher conversions by overcom-
ing chemical equilibrium constraints. For multiple reactions
where an intermediate is the desired product, reactive distil-
lation may also provide higher selectivities. This is achieved
by taking advantage of a separation that suppresses side reac-
tions. In some cases the reaction also has the effect of “re-
acting away” some of the azeotropes, thereby simplifying the
phase behavior and avoiding an expensive separation
(Doherty and Buzad, 1992).

For a conceptual design of reactive distillation, systematic
methods are needed for deciding its feasibility. We use geo-
metric methods that have been used extensively to assess the
feasibility for nonreactive distillation. For nonreactive distil-
lation, a number of algorithms can be used to find the feasi-
ble splits. Stichlmair and Herguijuela (1992) calculate the
products at total reflux, while Wahnshafft et al. (1992) and
Fidkowski et al. (1993) use pinch tracking techniques to esti-
mate the feasible products for finite as well as total reflux.
These methods rely on geometric visualization, so have been

Correspondence concerning this article should be addressed to M. F. Doherty at
this current address: Dept. of Chemical Engineering, Univ. of California, Santa Bar-
bara, CA 93106-5080.

590 March 2001

applied to ternary mixtures. Algorithms building on these
ideas, but that do not rely on visualization, are described by
Safrit and Westerberg (1997) and Rooks et al. (1998). These
methods can also be applied in the limit of reaction equilib-
rium using transformations of the compositions that have
properties similar to those of mole fractions in nonreactive
mixtures (Barbosa and Doherty, 1988; Ung and Doherty,
1995; Espinosa et al., 1995). These is a one-to-one correspon-
dence between the real mole fractions and the transformed
variables at chemical equilibrium.

Such one-to-one transformations are not known for kineti-
cally controlled reactive distillation, although some aspects of
these transforms remain useful in the kinetic regime. Studies
at finite rates of reaction are important because most reac-
tive distillation devices operate in this regime. There are sev-
eral approaches available that capture some of the effects of
finite reaction rates, such as, geometric design methods
(Buzad and Doherty, 1994, 1995; Okasinski and Doherty,
1998); mixed integer nonlinear programming (MINLP) meth-
ods (Ciric and Gu, 1994; Papalexandri and Pistikopoulos,
1996; Ismail et al., 1999); attainable-region methods (Nisoli et
al., 1997; McGregor et al., 1997); residue-curve/bifurcation
methods (Rev, 1993; Venimadhavan et al., 1995, 1999; Thiel
et al., 1997); difference-point methods (Lee et al., 2000a,b).
However, there are few tools that assess the feasibility of re-
active mixtures in the kinetic regime. Giessler et al. (1998,
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1999) use static analysis to determine the feasibility of reac-
tive columns operated with large internal flows. Chadda et al.
(2000) generate feasible product regions at finite rates of re-
action for ternary systems. However, that method cannot be
extended to treat a larger number of components or multiple
reactions.

In this article, we describe an algorithm for predicting fea-
sible splits for continuous single-feed reactive distillation that
is not limited by the number of reactions are components.
The method described here uses minimal information to de-
termine the feasibility of reactive columns: (1) phase equilib-
rium between the components in the mixture, (2) a reaction-
rate model, and (3) feed specification. This is based on a bi-
furcation analysis of the fixed points for a cocurrent flash-
cascade model. Unstable nodes (“light species” and stable
nodes (“heavy species”) in the flash-cascade model are candi-
date distillate and bottoms products, respectively, from a re-
active distillation column. Therefore, we focus our attention
on those splits that are equivalent to the “direct” and “indi-
rect” sharp splits in nonreactive distillation. One of the prod-
ucts in these sharp splits could be a pure component, an
azeotrope, or a kinetic pinch point; the other product will be
in material balance with the first.

The proposed algorithm is based on

1. A bifurcation study to predict the distillate and bottoms
products for the entire range of reaction rates from the limit
of no reaction to the limit of chemical equilibrium. This pro-
vides a global view of the sharp-split products from a continu-
ous reactive distillation at all rates of reaction.

2. Flash calculations and the application of the lever rule
(overall mass balance relating the feed, distillate, and bot-
toms product streams) to predict feasible sharp splits for a
given feed condition.

We also demonstrate that the feasible sharp splits pre-
dicted by the algorithm are in good agreement with column
simulations. Thus, this algorithm can be used effectively to
quickly estimate feasible sharp splits for continuous single-
feed reactive distillation.

Flash-Cascade Model

In a distillation column, each section (rectifying or strip-
ping) can be effectively represented by a countercurrent cas-
cade of flashes. This cascade can be simplified for the pur-
pose of estimating feasible product compositions, by remov-
ing the countercurrent recycles of liquid and vapor flows
among successive flash units, leaving the cocurrent arrange-
ment shown in Figure 1. The compositions of the liquid and
vapor streams in the flash-cascade arrangement are close to
those of the countercurrent cascade and by extension, to those
in a column section. The two arrangements (countercurrent
vs. cocurrent) differ mainly in that the recovery of the key
components in the countercurrent cascade is much higher
than in the flash-cascade arrangement (such as Henley and
Seader, 1981, sec. 7.6). In a feasibility analysis, it is the prod-
uct compositions that we are trying to estimate, so we use the
simpler cocurrent flash cascades to study the feasibility of re-
active mixtures in continuous columns.

In this section we formulate the reactive flash model for an
equimolar chemistry. Next, we hypothesize a condition under
which the trajectories of the flash cascade model lie in the
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Figure 1. Cocurrent flash-cascades arrangement.

The top half is the rectifying cascade, and the bottom half is
the stripping cascade.

feasible product regions for continuous reactive distillation.
This hypothesis is tested for an example mixture at different
rates of reaction. The fixed-point criteria for the flash cas-
cade are derived and a bifurcation analysis shows the sharp-
split products from a continuous reactive distillation.

The cocurrent flash-cascade arrangement is shown in Fig-
ure 1. There are two sections. In the rectifying cascade, vapor
from each flash reactor is partially condensed and fed to the
next unit. This vapor cascade is similar to the rectifying sec-
tion of a continuous distillation column but without any lig-
uid recycle. The opposite is done for the stripping cascade
shown in the bottom half of the figure, where the liquid
stream from each flash device is partially vaporized and sent
as feed to the next unit in the series.

Each flash device in Figure 1 is a two-phase CSTR
reactor-separator with the chemical reaction occurring only
in the liquid phase. For simplicity we begin with a single re-
action, an equimolar chemistry (see Appendix A for a more
general model), a saturated liquid feed, and steady-state con-
ditions. The flash devices operate under isobaric conditions,
so that the temperature changes from stage to stage accord-
ing to the boiling point of the stage composition. We use mole
fractions and activity-based kinetic models for reasons ex-
plained in Venimadhavan et al. (1994) and Nisoli et al. (1997).

The overall mass balance for the jth unit in the stripping
cascade, in Figure 2, is

L =Vi+L; (=1, ...

; ,N).

M
The material balance for the ith component is
L;_yx =Viy;+Lix;;— vl-kajr(xl-)

(i=1,...,¢c—1) (j=1,...,N), (@

where L and V are liquid and vapor molar flows; x; and y,

-1
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Figure 2. jth Flash in the stripping cascade.

are the liquid and vapor-phase mole fractions for component
i; v; is the stoichiometric coefficient for component i; kf is
the forward rate constant with the dimensions of reciprocal
time; H; is the molar liquid holdup in the jth flash unit; and
r(x) is the reaction driving force:

ayi

[T =

products Keq

IT aiv-

reactants

r(x)= (3)

where K., is the chemical equilibrium constant and a; is the
activity for component i. For liquid-phase reactions, activities
are represented by the product of the activity coefficient, v;,
and the liquid-phase composition, a; = vy,x;.

Eliminating L; from Eq. 2 leads to

Vi

L,

H;
(yij—xij)— Vika_r(xj)
-1

(j=1,....,N) (4)

We define two dimensionless parameters:

%. ¢;=V,/L;_,, the fraction of feed vaporized in the jth
unit.

2. Da;=(H,;/L;_,)/(1/k;,.;), the Damkdhler number for
unit j. This is the ratio of the characteristic liquid residence
time to a characteristic reaction time (Damkohler, 1939). The
forward rate constant, k., is at a reference temperature,
T,es- No reaction occurs in the limit of Da; — 0, and reaction
equilibrium is achieved as Da; —. At intermediate Da;, the
stage operates in the kinetically controlled regime.

Incorporating ¢; and Da; in Eq. 4, we find

ij-17 X =

(i=1,...,c—1)

Xij—1—Xij = d)j(yi,j - xi,j) -V

ks
. Da;r(x;)

f.ref

(i=1,...,c=1) (j=1,..,N), (5

where ¢; and Da; are two independent parameters for each
flash unit. We study the case where
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1. The same fraction of feed is vaporized in each stage:

bi=dy==d= = by =, (6)

2. Each flash stage has the same residence time:

Da,=Da, ="+ =Da;=-=Day=Da. @)

These two assumptions imply that the vapor rate and the
liquid holdup both decrease along the cascade for a fixed-feed
flow rate. This produces a policy of decreasing vapor rate
along the cascade similar to a decreasing vapor rate policy in
simple (batch) distillation, which keeps the instantaneous
value of Da approximately constant (Venimadhavan et al.,
1994).

The model for the stripping cascade becomes

kf,rcf

kg
xi,/’fl:(f’y,',,""(l—(ﬁ)xi,,‘—V,v Da r(xj)

(i=1,...,¢c—1) (j=1,2,...,N), (8
where x, = xp.

It is convenient to introduce a dimensionless parameter
(Venimadhavan et al., 1999)

Da
D= >
1+ Da

where D varies from 0 for the case of no reaction to unity in
the limit of reaction equilibrium.

Including Eq. 9 in Eq. 8, gives the final formulation of the
stripping cascade:

)

ky D
Xijor= @y T (A= d)x; ;= v, K ret (1—D)r(xj)
(i=1,..,c=1)  (j=1,2,...,N), (10)

where x, = xp.

Equation 10 is a nonlinear, autonomous, implicit, discrete
dynamical system of the form:

f(xj+1’xj’p):07 (1)

where x is the vector of states and p is the vector of parame-
ters. Such systems have known mathematical properties for
fixed points, stability, etc. (such as Mira, 1987; Julka, 1995).

Equation 10 can be solved recursively for given values of
the parameters, ¢ and D, starting with the initial condition,
x, = xp. The solution is a trajectory of liquid compositions
for the stripping cascade.

We can also derive a model for the rectifying cascade

k \( D
Yij-1=®yij+(1=d)x, ;= Koot (I_D)r(xj)

(i=1,...,c—1) (j=23,.... M), (12)
where y, = y{, and yj is the vapor stream composition from
the first flash device of the stripping cascade shown in Figure
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1. The solution to Eq. 12 is a trajectory of the vapor-phase
compositions along the rectifying cascade.

Equations 10 and 12 model the cocurrent stripping and
rectifying cascades, respectively. For a given feed composi-
tion, these cascades are solved recursively for N, M — o, un-
til there is no change in successive iterates, that is, until a
stable fixed point is reached.

We demonstrate the use of this model on an example and
then characterize its properties in terms of fixed points and
bifurcations.

Feasibility hypothesis

The flash cascade provides a two-parameter (¢ and D)
model (Egs. 10 and 12). The iterates depend primarily on the
value of D. The pinch points toward which these iterates
evolve depend only on a single parameter, (Da/¢) (see Ap-
pendix B). Therefore, the solution structure is not dependent
on the value of ¢, and we can choose any value of ¢ (we pick
¢ = 0.5). This simply rescales the value of Da at which bifur-
cations occur.

Hypothesis. The trajectories of the flash cascades lie in the
feasible product regions for continuous reactive distillation.

We test this hypothesis with an example. Consider the es-
terification of acetic acid with isopropanol at a pressure of 1
atm:

IPA + HOAc < IPOAc+H,0 (13)

We represent the kinetics by a homogeneous model:

—k a1poAc?H,0
=Kl Ggoac@ipa — k)
eq

(14

where k, is approximately independent of temperature,
(ky/kyret)=1, and the reaction equilibrium constant has a
value of 8.7 in the temperature range of interest (Lee and
Kuo, 1996). The VLE was modeled using the Antoine vapor-
pressure equation, the NRTL equation for activity coeffi-
cients, and including vapor-phase dimerization of acetic acid.
The physical-property models were taken from Venimadha-
van et al. (1999, Table 3).

Solutions of Eqs. 10 and 12, the rectifying and stripping
flash-cascade trajectories, can be represented in mol-fraction
space (three-dimensional for the IPOAc system). However,
we represent the solutions in transformed composition space,
which is two dimensional for the IPOAc system [for the
derivation and properties of these transformed variables, see
Ung and Doherty (1995)]. This transformed composition
space is a projection of a three-dimensional mol-fraction
space onto a two-dimensional transformed-composition sub-
space for the IPOAc system. Even though the correspon-
dence between real compositions and transformed composi-
tions is not one-to-one in the kinetic regime, we will make
use of these transforms for the following reasons: (1) ease of
visualization of the trajectories, and, (2) overall mass balance
for reactive systems (kinetically or equilibrium limited) can
be represented with a level rule in transformed compositions.
We use this property to assess feasible splits for continuous
reactive distillation.
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Figure 3. Rectifying and stripping cascade trajectories
for a saturated liquid equimolar reactant feed
for the IPOAc system at D =0.25 and D =0.75.

The trajectories are plotted in transformed mole-fraction
space. For the stripping cascade, X| = xgoac T X1poacs X2
= Xpa + X1poac, and for the rectifying cascade, Y| = yyoac
+ Y1poac: Y2 = Yipa + Yiroac-

If we select IPOAc as the reference component, then the
definition given in Ung and Doherty (1995) gives the trans-
formed variables:

X, = Xpgoac T X1poAc

X, = Xpa + Xpoac- (15)
Similar expressions are obtained for the transformed vari-
ables in the vapor phase, Y,.

The trajectories of the flash cascades for an equimolar feed
(XrHOoAc = 0.5, Xp1ps = 0.5), are shown in Figure 3 for D =
0.25 and D = 0.75. The stripping cascade is solved recursively
for this feed composition via Eq. 10 for a large number of
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stages until a point is reached where the composition is es-
sentially constant from stage to stage. This pinch point (sta-
ble node) is acetic acid. The mole fraction iterates are then
converted to the transformed compositions using Eq. 15. In a
similar fashion, the rectifying cascade model (Eq. 12) is solved
recursively for a large number of stages until a pinch point
(stable node) is reached; in this case, it is a quaternary mix-
ture. The vapor mole fractions so obtained are then con-
verted to transformed compositions and are shown in Figure
3.

Parametric column simulations for the IPOAc system were
done with different Damkohler numbers, reflux ratios, reboil
ratios, as well as total number of stages, (N;), and feed-tray
location, (f). The distillate and bottoms compositions ob-
tained were recorded in transformed composition space.

Figure 4 compares the products obtained from column
simulations with 30 stages and using different values of r and
s at D=0.25 and D =0.75. The column feed specification is
the same as that of the cocurrent flash cascade. The flash
trajectories provide a good estimate of the product composi-
tions from a continuous column. We also compared the prod-
uct compositions from column simulations with the flash
trajectories in mole-fraction space. We found that product
compositions from column simulations surrounded the flash
trajectories, in agreement with the hypothesis that the flash
trajectories lie in the feasible product regions for continuous
reactive distillation. We also studied various other ternary and
quaternary reactive systems and found the hypothesis to hold
for those systems as well (Chadda, 2001).

Note that calculating the flash trajectories at ¢ = 0.5 does
not provide the entire feasible product regions for continu-
ous reactive distillation, but instead generates a subset of the
feasible products. Selecting an iterate on the stripping cas-
cade trajectory as a potential bottoms and an iterate on the
rectifying cascade trajectory as a potential distillate does not
guarantee that these products can also be obtained simulta-
neously from a reactive distillation column. This is simply be-
cause these product compositions may not simultaneously
satisfy the overall mass balance for a reactive column. How-
ever, when the flash trajectories are used in conjunction with
the lever rule for a continuous reactive column, the feasible
splits for continuous reactive distillation can be quickly pre-
dicted.

Next, we derive the fixed-point criteria for the flash cas-
cades and use bifurcation theory to propose rules to estimate
feasible products.

Bifurcation analysis of the flash-cascade model

The fixed points of the flash-cascade model are the solu-
tions of Eqs. 10 and 12 for j —oe. In other words, successive
liquid and vapor mole fractions reach constant values. The
fixed points, £, for the stripping cascade (Eq. 10) are solu-
tions of

L DY £ — )4 (kf)(g) =0
( )(xi )’i) Vi kf,rcf n r(X) =
(i=1,...,c—1), (16)

where ¥ and y are in vapor-liquid equilibrium with each
other.
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Islogropanol D=0.25 (Da=0.33) Isopropyl Acetate
0.8
0.6
E
Q Rectifying
0.4 Cascade =
D
Stripping -/
02 1 Cascade
0.0 T T T T
0.0 0.2 04 0.6 0.8 1.0
Water X1 Y] Acetic Acid
Isopropanol D=0.75 (Da=3) Isopropyl Acetate
1.0
0.8 [ ]
0.6 1
N
&~
S Rectifying Feed
0.4 Cascade ]
Stripping
Cascade
0.2
of
0.0 T T T T ‘J
0.0 0.2 0.4 0.6 0.8 1.0
Water X1.Y] Acetic Acid

Figure 4. Feasible products from column simulations
with different N, feed-stage location, r, s,
and D recorded in transformed variable
space.

The filled squares represent feasible bottoms and the open
squares represent feasible distillates. The rectifying and
stripping cascade trajectories from Figure 3 are also shown
for comparison.

Similarly, the fixed points, J, for the rectifying cascade (Eq.
12) are solutions of:

A kg D .
~(1=-D)(%,—5)+v K (1_ ¢)r(x)=0
(i=1, ...,c—1). (17)

The fixed points obtained by solving Eq. 12 for a large
number of iterates are stable nodes in the rectifying cascade.
The same fixed points will form a subset of solutions to Eq.
17. However, to have an analogy between this work and the
earlier work done in nonreactive and equilibrium-limited re-
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active distillation, we rewrite Eq. 17 as

.. kr D .
(1_D)(xi_yi)_yi(kfrcf)( 1_¢)r(x)=0

(i=1,...,c—1), (18)
where ¥ and y are in vapor-liquid equilibrium with each
other.

Equation 18 has the same fixed points as Eq. 17, except that
their stability is reversed. Thus, a fixed point that is a stable
node in Eq. 17 becomes an unstable node for Eq. 18.

The solutions for Eq. 16 and 18 behave as follows:

At D = 0 (the nonreactive limit), the fixed-point criteria for
both the rectifying and stripping cascades reduce to the same
equation:

X—9=0 (i=1,...,c—1). (19)
Equation 19 represents the fixed-point criteria for simple dis-
tillation and also for a continuous column at total reflux and
total reboil. Since there is a symmetry in the rectifying and
stripping maps, we can find the fixed points for both the rec-
tifying and stripping cascades from Eq. 19. Thus, in this limit,
our model recovers the criterion for fixed points in the well-
known limit of no reaction.

At D =1 (the chemical equilibrium limit), the fixed point
criteria reduce to a single equation:

r(x)=0. (20)
Equation 20 implies that fixed points lie on the reaction equi-
librium surface. Equation 20, however, is just a necessary
condition; the sufficient condition for fixed points of the rec-
tifying and stripping cascades can be written in terms of
transformed variables by writing either Eq. 16 or Eq. 18 for
component i and a reference component, k, and adding the
two, giving:

X,-Y,=0 (i=1,...,c-2). (21)
The solutions of Eq. 21 are fixed points for simple reactive
distillation at chemical equilibrium and also for a continuous
reactive distillation at total reflux and total reboil. As in the
nonreactive case, the fixed-point criteria for the rectifying and
stripping cascades are the same and are given by Eq. 20 and
21. Once again our model reduces to the well-known criteria
for chemical equilibrium fixed points.

For 0< D <1 (kinetically controlled regime), Eq. 16 gives
the fixed points of the stripping cascade and Eq. 18 the fixed
points of the rectifying cascade. Therefore, in the kinetic
regime, there are different fixed-point criteria for the rectify-
ing and stripping cascades, a fact that has not been previ-
ously recognized. The solutions of Eq. 16 at ¢ =1 are the
fixed points for simple reactive distillation and were studied
by Venimadhavan et al. (1999), but the structure of the solu-
tions to Eq. 18 has not been reported. As we shall we, it can
be quite different than for Eq. 16. Since fixed points for sim-
ple reactive distillation are equivalent to the fixed points of
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the stripping cascade at ¢ =1, they can only provide infor-
mation about the potential bottoms product from a continu-
ous column. Therefore, the distillate product composition from a
continuous column for 0 <D <1 cannot be inferred from a
knowledge of fixed points of simple reactive distillation. 1t is pos-
sible, however, to estimate potential distillates from the fixed
points of the rectifying flash cascade (Eq. 18). This is the key
result of this article.

We are interested in investigating the fixed-point branches
of the flash cascade model for 0 <D <1 at ¢ =0.5. A sys-
tematic approach is by a bifurcation analysis of the solutions,
X(D), for Egs. 16 and 18. The starting points for the analysis
are the solutions at D = 0; to calculate these points, a homo-
topy continuation method by Fidkowski et al. (1993) is avail-
able. We use the mixture boiling point, T[£(D)], to represent
the solution. The branches of fixed points were calculated
using the pseudoarclength continuation method in AUTO
(Doedel, 1986).

For the IPOAc system, the fixed-point branches are shown
(Figure 5) in bifurcation diagrams for the rectifying and strip-
ping cascades. The left edge of the diagrams (D = 0) repre-
sents the limit of no reaction. Here, there is a minimum boil-
ing ternary azeotrope containing isopropanol, isopropyl ac-
etate, and water, which is an unstable node; six intermediate
boiling fixed points (all saddles); acetic acid as the heaviest
species (stable node). Starting from these initial conditions,
fixed-point branches are tracked for both the rectifying and
stripping cascades.

The branches of interest are the unstable nodes in the rec-
tifying bifurcation diagram and the stable nodes in the strip-
ping cascade bifurcation diagram. These node branches are
shown separately in a feasibility diagram (Figure 6).

The feasibility diagram provides a global view of the feasi-
ble products to expect from a continuous distillation at any
rate of reaction (D). For any feed composition and for D in
the range, 0 < D < 0.395, it is possible to obtain acetic acid as
bottoms from a continuous reactive distillation. For 0.395 <
D <1, however, we can obtain either isopropanol or acetic
acid as the bottoms product, depending on the feed composi-
tion. The potential distillates are all quaternary mixtures, with
compositions that depend on D. Thus, different splits are
feasible for different ranges of the Damkohler number. Con-
versely, any given split may or may not be feasible as the
reaction rate or residence time is changed, so that the feasi-
bility of a given separation may depend on production rates,
catalyst levels, and liquid holdup. The results mean that
IPOACc cannot be obtained as a pure product from a single-
feed fully reactive column, no matter what rate of reaction
the column is operated at.

Thus, we propose the following rule:

Rule for Feasible Products. Unstable node branches in the
feasibility diagram represent potential distillates, while the stable
node branches represent the potential bottoms from a continuous
reactive distillation column.

Algorithm to Calculate Feasible Splits

The following algorithm generates a feasibility diagram for
the flash-cascade model. It also involves calculating flash tra-
jectories of the rectifying and stripping cascades for a given
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Figure 5. Bifurcation diagrams for rectifying and strip-
ping cascades.

The filled circles denote stable node branches, open circles
denote unstable node branches, and the open squares de-
note saddle branches.

feed composition and D, as well as the overall mass balance
for a reactive column (lever rule in transformed composi-
tions).

596 March 2001

125

120— Acetic Acid
115
110 —

105

Temperature ( C)
=
T

©
R
]

Isopropanol
*r——0—o—o—0—0—§

Figure 6. Feasibility diagram showing unstable and sta-
ble node branches from rectifying and strip-
ping cascade bifurcation diagrams in Figure
5.

1. For a given mixture, at a fixed pressure, track the fixed-
point branches of the rectifying and stripping cascades with
respect to D. This is done by solving Egs. 16 and 18 for ¢ =
0.5.

2. Plot only the unstable node branches from the rectifying
cascade and stable node branches from the stripping cascade
on a single diagram. This is the feasibility diagram.

3. Apply the rule for sharp splits provided in the preceding
section to the feasibility diagram. The unstable node branches
are potential distillates, and the stable node branches are the
potential bottoms from a continuous reactive distillation col-
umn.

4. Select a D at which a feasible split is desired.

5. For a given xg, solve the stripping cascade equations
(Eq. 10) and the rectifying cascade equations (Eq. 12) at ¢ =
0.5 for a large number of flash units (such as N, M = 100).

6. Record the stripping cascade and rectifying cascade tra-
jectories in the transformed composition variables using the
following transformation between mole fractions and the
transformed variables:

XiVe — Xi Vi
X, = ( _ ) , (22)
Vi = VpXy
where k is the reference component and i=1, ..., c —2.

7. Check if the pinch point of the rectifying cascade
(potential distillate, X,) and the pinch point of the stripping
cascade (potential bottoms, Xj) simultaneously satisfy the
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lever rule (overall mass balance) for the reactive distillation
column. (The key idea is that the flash cascade is used to
select the feasible product compositions from a reactive col-
umn that has one feed stream and two product streams, and
the lever rule is imposed on those three streams alone in
spite of the fact that the flash cascade itself does not obey
such a level rule). For ternary systems this is equivalent to
verifying if X lies on a straight line between X p and X B
For quaternary or higher dimensional systems, this amounts
to verifying the following:

(XF,I_XB,1)=(XF,i_XB,i) (l=1 C_2)

XD,I_XF,I XDJ_XF,I'
(23)

If the preceding condition is satisfied, go to step 9. Else,

8. Select X, 5 as the potential bottoms (respectively, X p as
potential distillate). Find the equation of the straight line that
contains X 5 and X (respectively, equation of the straight
line that has X,, and X, lying on it). Next, find the intersec-
tion of this overall mass-balance line with the rectifying cas-
cade trajectory (respectively, intersection of the straight line
with the stripping cascade trajectory). The result is a feasible
distillate composition in transformed variable space, X, (re-
spectively, bottoms composition, Xp).

In case there is no intersection point, no feasible splits are
possible with any of the pinch points of the flash cascade
model. Select the next iterate on the flash trajectory adjacent
to a pinch point as a potential product and repeat this step.

9. Convert the transformed product compositions back to
mole fractions by linear interpolation of the mole fractions
on adjacent stages. The distillate and bottoms compositions
so obtained make up a feasible split for a given feed composi-
tion.

Initializing a column simulation is done as follows. (a) The
number of stages in each section of a column are put equal to
the number of stages in a flash cascade that gave the split in
step 9. (b) The value of D in the flash cascade is a good
estimate of the stage Damkohler number in a column simula-
tion. This is because a flash device is a steady-state unit with
a feed, a liquid output, and a vapor output like a stage in a
column. (¢) The estimate of the ratio of distillate flow rate to
bottoms flow rate is found by using the following equation:

E . ( Xp1— Xpa ) (24)
F, B XD,l - XF,l ’

where Fj,, and Fj represent the distillate and bottoms flow
rates, respectively. Using this ratio and choosing r automati-
cally fixes s by energy balance.

Esterification Example

In this section we apply the algorithm to the IPOAc system
described by Eqs. 13 and 14. Steps 1 to 3 of the algorithm
have already been applied in previous sections, and the feasi-
bility diagram is shown in Figure 6. We now decide in which
regime the reactive column should be operated to get a de-
sired product. For example, isopropanol can be obtained as a
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Figure 7. Feasible splits predicted by the algorithm for
isopropyl acetate system at D =0.25 and 0.75.

bottoms product for 0.395 < D <1.0. On the other hand, if
isopropyl acetate is the desired product, we cannot get it from
a single feed column containing only reactive stages. For that
product we need to explore other alternatives, for example, a
two-feed column and/or a hybrid column (a column with re-
active and nonreactive sections), and so on.

Once we have decided the value of D at which a desired
split is feasible (step 4), we solve Egs. 10 and 12 at ¢ = 0.5 as
per step 5. The feed composition is an equimolar feed of
isopropanol and acetic acid. If acetic acid is the desired prod-
uct, we know from the feasibility diagram that it is possible to
get it at any value of D and that it will always be a bottoms
product. We solve Eqgs. 10 and 12 at two different rates of
reaction; D = 0.25 and 0.75. The rectifying and stripping cas-
cade trajectories are shown in Figure 7 in accordance with
step 6 of the algorithm. Next, we apply the lever rule (step 7
of the algorithm) and verify whether it is possible to obtain
the pinch points of the flash cascades simultaneously from a
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Table 1. Feasible Splits: Predicted by Algorithm vs. Column Simulations at D = 0.25 for Two Splits in Figure 7

Split 1 Split 2
Mole Algorithm Column Mole Algorithm Column
Fraction Prediction Simulation*® Fraction Prediction Simulation™*
Distillate Distillate
HOAc 0.001 0.006 HOAc 0.0009 0.005
IPA 0.396 0.394 IPA 0.5182 0.5173
IPOACc 0.303 0.300 IPOAc 0.239 0.2387
Water 0.299 0.299 Water 0.2416 0.2400
Bottoms Bottoms
HOACc 1.0 0.999971 HOAc 1.0 0.999928
IPA 0.0 0.000004 IPA 0.0 0.000009
IPOACc 0.0 0.000008 IPOACc 0.0 0.00002
Water 0.0 0.000016 Water 0.0 0.00004
Fp/Fg 2.55 2.58 Fp/Fp 1.92 2.02

* Column design: Ny =30, f=10; r=2; s ="7.75.
**Column design: Ny =30, f=10; r =2; s =6.1.

continuous reactive column. For example, at D =0.25, we
know from flash-cascade calculations that X, = (0.382, 0.674)
and )?B = (1, 0) for a feed composition, X = (0.5, 0.5). Using
these values, the left side of Eq. 23 is equal to 4.24 and the
right side is equal to 2.87. Since the two values are not equal,
we conclude that the pinch points of the flash cascades do
not obey the lever rule and thus cannot be simultaneously
obtained in continuous reactive distillation at D =0.25. A
similar result is obtained at D = 0.75.

In step 8, we must select one of the flash-cascade pinch
points as a potential product from a continuous column. We
selected the pinch point of the stripping cascade (Xj) as the
potential bottoms product from a reactive distillation col-
umn. Next, we make use of graphical techniques to show the
application of the lever rule for the overall mass balance (al-
though we can accomplish the same by an equation-based
approach, as provided in the algorithm). We draw a straight
line joining the bottoms (X,) and the feed composition (X ).
This overall mass balance line is shown in Figure 7 as a dot-
ted line for both cases. This overall mass-balance line is ex-
tended until it intersects the rectifying cascade trajectory. The
point of intersection of the rectifying cascade trajectory and
the overall mass-balance line indicates a feasible split with
acetic acid as bottoms (Xj) and the intersection point as the
distillate (X,). As a last step, we convert the transformed

Table 2. Feasible Splits: Predicted by the Algorithm vs.
Column Simulations at D = 0.75 for the Split in Figure 7

Mole Algorithm Column
Fraction Prediction Simulation™
Distillate

HOAc 0.0029 0.007
IPA 0.467 0.454
IPOACc 0.265 0.268
Water 0.265 0.27
Bottoms

HOAc 1.0 0.999962
IPA 0.0 0.000002
IPOACc 0.0 0.000029
Water 0.0 0.000007
Fp/Fp 2.155 2.25

* Column design: Ny =30, f=10; r =19; s =45.
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product compositions into mole fractions. The feasible split
predictions from the algorithm are shown in Tables 1 and 2
for D= 0.25 and D = 0.75, respectively.

To verify that these splits are achievable in a continuous
column, we performed independent column simulations for
the same feed composition as in the flash-cascade model us-
ing the methods described in Huss et al. (2000). The column
product compositions and column designs are compared in
Tables 1 and 2 for D = 0.25 and D = (.75, respectively. Note
that the column designs provide product splits that are in
good agreement with the algorithm predictions.

Summary of Additional Examples

We also studied other systems as follows:

A Hypothetical Ternary System: 2C < A + B with a Reaction
Equilibrium Constant of 0.25. Component C is the heaviest
and A is the lightest boiling species (relative volatilities a .
=5 and ag- =3). This mixture exhibits a reactive azeotrope
at the limit of chemical equilibrium and a branch of kinetic
pinches in the stripping section that begins at the heaviest
component C at D =0 and ends at the reactive azeotrope at
D =1, which appears as a stable node branch in the feasibil-
ity diagram. Using a parametric study we could validate that
the flash trajectories at ¢ = 0.5 lie in the feasible product
regions at different rates of reaction. The bifurcation dia-
grams for the rectifying and stripping cascades are different.
In addition, we predicted feasible splits using the algorithm
described in the previous section. For example, the algorithm
predicts the following sharp split at D = 0.09 for a pure reac-
tant feed—distillate: x,=1.0, xz = 0; bottoms: x, = 0.054,
x5 =0.124. A column simulation for the same feed and D
with N =40, f=20, r=10, and s=0.55 yields a distillate
composition of x,=1.0, x5z =0, and a bottoms composition
of x,=0.057, x5z =0.111.

Etherification Reaction: MeOH + Isobutene < MTBE.
Since this is a nonequimolar chemistry, we used the general
flash-cascade model provided in Appendix A. We verified the
methodology and predicted feasible splits using the algorithm
described in the previous section. For example, at D = (.09,
sharp split products for an equimolar reactant feed are: dis-
tillate: X ooputene = 0-934, Xpeon = 0.0642; bottoms: X ¢ putene
=0, Xpeon = 1.0. A column simulation with N, =30, f =15,
r =10, and s =12.65 yields a distillate composition of
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Xisobutene = 0.931, Xy.on = 0.055, and a bottoms composition
of X Isobutene = 0’ XMeOH = 1.

Esterification of Methanol: MeOH + AceticAcid & MeOAc
+ H,0. For this chemistry, the bifurcation diagrams for
both the rectifying and stripping cascades are identical and
the same as the bifurcation diagram for simple distillation
provided in Venimadhavan et al. (1999, Figure 8). The feasi-
bility diagram contains only two branches, the unstable-node
branch of methanol-methyl acetate azeotrope and the stable
node branch of acetic acid. Application of the rule for sharp
splits leads to the conclusion that acetic acid can be obtained
as a bottoms product from a continuous reactive column
and/or methanol-methyl acetate azeotrope can be obtained
as the distillate. Whether or not the two can be obtained
simultaneously is contingent on their satisfying the lever rule
(Eq. 23).

Cross Esterification: MeOH + EtOAc < MeOAc + EtOH.
For this system the bifurcation diagrams for the rectifying
and stripping cascades are the same, and we predicted sharp
splits that were then vertified by column simulations. For ex-
ample, at D = 0.33, sharp-split products for an equimolar re-
actant feed are: distillate: xpopc = 0.658, Xpeom = 0.342,
Xgioac = 0.0; bottoms: Xxpyoac = 0.008, Xpeon = 0.007,
Xgioac = 0.345. A column simulation with N, =30, f=15, r
=9, and s=10 yields a distillate composition of xy.oa. =
0.655, X peon = 0.344, xgoac = 0.000045, and a bottoms com-
position of xy.0ac = 0.0002, Xpeop = 0.004, xgoac = 0.344.

In general, the predictions of sharp splits for different
chemistries are in good agreement with column simulations.
For detailed results, see Chadda (2001).

Conclusions

A flash-cascade model is developed to estimate feasible
products from a continuous single-feed reactive distillation
column. An important finding is that the fixed-point struc-
tures for the rectifying and stripping cascades are different
for the kinetically controlled regime. The fixed-point struc-
ture of the flash cascade model is helpful in determining the
reaction regime in which the column must be operated to get
the desired products. We used a feasibility diagram to depict
possible sharp-split products as a function of production rate,
catalyst level, and liquid holdup. With this diagram one can
quickly determine if a desired product can be obtained from
a single-feed reactive column.

The proposed algorithm can be applied to any chemistry
with any number of components and reactions. Moreover, it
can be easily extended to multiple reaction systems including
selectivity effects. One advantage of the approach is that an
experimental procedure can be developed to experimentally
obtain the stripping cascade and rectifying cascade trajecto-
ries. This would also be useful for mixtures for which VLE
parameters are not available in the literature.

Finally, we emphasize that the algorithm should be used at
the conceptual-design stage to get a good estimate of the kind
of splits that are possible. The algorithm covers sharp splits,
but not all possible splits.
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Notation

a; = activity of i
¢ =total number of components
D =scaled Damkohler number, dimensionless
Da =Damkohler number, dimensionless
f =feed stage location in a continuous distillation column
F =molar flow rate
H; =liquid holdup it unit j, mol
K,, =reaction equilibrium constant

eq
k; =forward reaction rate constant, 1/time
k1o =forward reaction rate constant at the reference temperature
L =liquid flow rate, mol/time
P =system pressure
M(x) =average molecular weight (= X¢_, M,x;)
M =index for rectifying cascade flash unit
N =index for stripping cascade flash unit
Ny =total number of stages in a continuous distillation column
r(x) =driving force for the reaction
r =reflux ratio
s =reboil ratio
T =temperature
V' =vapor flow rate, mol/time
Xx =state vector
x; =mol fraction of i in the liquid phase
X; =transformed mol fraction of i in the liquid phase
y; =mol fraction of i in the vapor phase
Y, =transformed mol fraction of i in the vapor phase

Greek letters

a, g =relative volatility of 4 with respect to B
v; =liquid activity coefficient
v; = stoichiometric coefficient for i
vy =summation of all stoichiometric coefficients
¢; =fraction of feed vaporized in jth flash unit

Subscripts and superscripts

0 =initial condition
B =bottoms
D =distillate
F =feed
i =component index
J =stage index for flash cascade
k =reference component
ref =reference
" =pinch composition
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Appendix A: General Flash Cascade Model

The model developed in this article is applicable to
equimolar chemistries. If the chemistry is nonequimolar,
however, it is advantageous to use parameters defined in
terms of mass rather than moles. The reason is that with
mass-based parameters we can define a vapor-mass fraction
¢,, that is bounded between 0 and 1 and is not a function of
conversion. The resulting framework for the stripping cas-
cade has been derived by Nisoli et al. (1997) using the same
assumptions as used in this article. These equations, derived
and listed as Eq. 9 in Nisoli et al. (1997), are given below:

Stripping cascade:

M(xj—l)
(xi,j_xi,j—1)= d’mW(xi,j_yi,j)
k; D \M(x;_y)
+(vi— VTxi,j)( kf,ref)( 1 D) M(x,-) r(xj)
(i=1,...,c—-1) (j=1,2,...,N), (Al

where x, = xp.
The corresponding model for the rectifying cascade is

M(y,_,
(xi,_/' - yi,i—l) = d’mz\/(lz—]y))(xi,j - yi,j)
kg D M(y;-)
+(v;— VTxi,j)( Krer )( 1—D) M(x,) r(x;)
(i=1,...,c—1) (j=2,3,.... M), (A2)

where y, = yj.

It should be noted here that the dimensionless quantities,
D and ¢,, is these equations are defined with respect to mass
flows and mass holdups. In the preceding equations, a new
quantity, M(x), is introduced that is the average molecular
weight, and appears as a consequence of using mass vari-
ables.

[
M(x)= Z M;x;.
i=1

(A3)

Similar definitions apply to M(y). Equations Al and A2
reduce to Eqs. 10 and 12 when », = 0.

The fixed-point criterion for the stripping cascade (Eq. A1)
is obtained when (x; — x;_;) =0 for the limit when N —oe:

(=01 G50+ i 2
— — (X, =) +(v,—vpX; X
M(y) ! kf,ref
D
(¢—)r(£)=0 (i=l,...,C—1). (A4)
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In similar fashion, the fixed-point criterion for the rectify-
ing cascade (Eq. A2) is obtained when (y; — y;_;) =0 for the
limit when M — o:

yl) (V VTfl-)( kf )X

kf,rcf

Lc—1). (A5)

The equations in this Appendix can be used to predict fea-
sible sharp splits for any chemistry using the algorithm de-
scribed in the article.

Appendix B: Fixed Points of a Two-Parameter
Flash-Cascade Model Depend Only on a Single
Parameter

Fixed points, £, for the two-parameter (¢ and D) stripping
cascade model (Eq. 10) are the solutions of Eq. 16. This
equation can also be written as:

k.

A oa i 1-D
X, —y;)tvy

( y) (kf,ref) ¢

L c—1). (Bl)

Equation 9 provides a relation between the parameters D
and Da. Incorporating Eq. 9 in Eq. Bl gives

e o
(£i=9)+v i r(x)= (i=1, ...

,C—1).

(B2)

The fixed-point structure of the stripping cascade model
depends on a single parameter, Da/¢. Thus, the solution
structure of the model is independent on any particular value
of ¢, and any value of ¢ can be chosen for representing the
cascade. Various values of ¢ simply rescale the value of Da
at which bifurcations occur. For example, Figure 12 in Veni-
madhavan et al. (1999) is the bifurcation diagram for the
stripping cascade at ¢ =1 for the isopropyl acetate system.
This diagram is equivalent to Figure 5b in this article, which
was calculated at ¢ =0.5. Any point on Figure 12 can be
represented on Figure 5b, or vice versa, by using the follow-
ing relation:

Da* =2Da, (B3)

where Da* is defined as in Venimadhavan et al. (1999). A
similar pattern holds for the rectifying cascade model.
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