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Multistage extractive reaction (MSER) processes can successfully improve the yield of 
and selectivity to the desired product, as well as separation of byproducts. A general and 
efjkient design procedure for stand-alone countercurrent MSER cascades and process 
flowsheets presented here determines the range of feasible operation for the MSER 
process, the number of stages in the MSER cascade, compositions and molar flow rates 
at each stage, and the yield or product distribution of the reaction system. It is based on 
the geometric properties of the phase and reaction equilibrium su$aces and the compo- 
sition profiles of the MSER cascade. First, a k q  design variable is ident@ed and the 
fixed points or pinches of the composition profiles are tracked as a function of this 
variable by using arc-length continuation, without performing stage-to-stage calcula- 
tions. The location of the fixed points gives the upper or lower bound on the window of 
the MSER operation. The other bound is determined by the equilibrium behavior of the 
Jystem. Within the window of operation MSER profiles are guaranteed to be feasible. 
Then, stage-to-stage calculations are pegormed as an initial-value problem to complete 
the design. The results of these calculations provide a comprehensive picture of the 
trade-offs in the design of MSER processes and can be used as a basis for screening 
flowsheet alternatives. The procedure is illustrated with several design examples. 

Introduction 

Reactive separation processes have received considerable 
attention in recent years as alternatives to conventional 
processes. Simultaneous reaction and separation offers cer- 
tain advantages that cannot be matched by conventional 
processes, for example, reduced capital investment and free- 
dom from reaction equilibrium limitations. The use of reac- 
tive distillation in the production of methyl acetate and 
methyl-tertbutyl ether clearly demonstrates some of the ben- 
efits (DeGarmo et al., 1992; Doherty and Buzad, 1992). Proc- 
esses involving simultaneous reaction and adsorption in a 
chromatographic reactor (Coca et al., 1993; Tonkovich and 
Carr. 19941, permeation in a membrane reactor (Tsotsis et 
al., 1993), crystallization (Berry and Ng, 1997; Mersmann and 
Kind, 1988), and extraction in a liquid-liquid two-phase reac- 
tor (Sharma, 1988; Samant and Ng, 1998a) offer similar 
advantages. The last process, extractive reaction, involves si- 
multaneous reaction and liquid-liquid phase separation. The 
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immiscibility may occur naturally with the reaction under 
consideration or may be deliberately introduced by addition 
of solvent(s). Examples of applications of extractive reaction 
processes can be found in the literature (Anderson and 
Veysoglu, 1973; King et al., 1985; Chapman, 1987; Kuntz, 
1987; Pahari and Sharma, 1991). 

Extractive reaction processes have the potential of provid- 
ing significant improvements in yield of the desired product, 
selectivity to the desired product, and ease of separation of 
byproducts. In some cases, they also offer the advantage of a 
reduction in the amount of process equipment by combining 
the reaction and extraction operations into one single unit. 
However, extractive reaction processes may not always be 
beneficial. In some cases, the operation may not be feasible 
except at prohibitively high solvent flow rates. In other cases, 
the improvements obtained over conventional single-phase 
processes in the feasible range of operation may not be sig- 
nificant enough to justify the use of extractive reactions. 
Hence, for successful development of these processes, it is 
essential to have a procedure to synthesize process flow- 
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sheets and to analyze them to see if they indeed meet the 
desired objectives. The procedure for synthesis of flowsheets 
for extractive reaction processes is discussed by Samant and 
Ng (1998a). It was pointed out that the use of MSERs for 
systems with one or more than one degree of freedom at 
thermodynamic equilibrium at constant temperature and 
pressure can lead to improvements in process performance. 
The intent of this article is to extend this synthesis procedure 
to analysis of the flowsheets developed. Specifically, we de- 
velop and present an efficient and general method for design 
of MSER processes. Equilibrium thermodynamic analysis 
forms the basis of this method. The method identifies the key 
design variables for the process, determines the ranges of 
these variables for feasible operation, and evaluates the 
process trade-offs within this range. It can be used as a tool 
for screening process alternatives and for comparing extrac- 
tive reaction processes against conventional processes. 

Classic methods for the design of extractors involve graphi- 
cal techniques and are restricted to nonreactive ternary sys- 
tems (Treybal, 1981). A more general geometric method for 
design of extractors for nonreactive multicomponent systems 
was presented by Minotti et al. (1996). Our procedure is ap- 
plicable to the general case of multicomponent extractive re- 
actions for designing stand-alone MSER cascades as well as 
MSER process flowsheets. 

The method is illustrated with two examples. One consid- 
ers a four-component system for improvement in yield of the 
desired product. The other considers a five-component sys- 
tem involving reactions in series or in parallel; it demon- 
strates the improvement in the selectivity to the desired 
product. The design of a stand-alone unit and the entire 
flowsheet is considered for both cases. These examples are 
hypothetical but general. Any real system can be analyzed 
similarly with relevant data. 

Design of Multistage Extractive Reactors 
Transformed mole fraction coordinates 

The method for design of multistage extractive reactors is 
based on analysis of the phase behavior of multicomponent, 
multireaction systems at thermodynamic equilibrium. When 
we analyze the phase behavior, it is highly desirable to be 
able to visualize it. In mole fraction coordinates, however, we 
cannot plot even isothermal, isobaric phase diagrams for sys- 
tems with more than four components without having to re- 
sort to a number of cuts and projections. To eliminate this 
restriction on visualization of phase diagrams, Ung and Do- 
herty (1995a) introduced transformed mole fraction coordi- 
nates as discussed below. 

Consider a multicomponent system of c components un- 
dergoing r chemical reactions. The r reactions can be repre- 
sented as 

where Ai are the reacting species and v ; , ~  is the stoichio- 
metric coefficient of component i in reaction m. By conven- 
tion, vi,m < 0 if component i is a reactant in reaction m; v,,, 
> 0 if component i is a product of reaction rn; and vi,, = 0 
if it does not take part in reaction m. Using vector-matrix 
formalism, we define: 
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where v,' is the row vector of stoichiometric coefficients of 
component i in each reaction, and vTOT is the row vector of 
the sum of the stoichiometric coefficients for each reaction. 
We choose r reference components and define: 

where xRe+ is the column vector composed of the mole frac- 
tions of the r reference components, and V is the square 
matrix of stoichiometric coefficients for the r reference com- 
ponents in the r reactions. We choose r reference compo- 
nents, as we can reduce the dimensionality of the system by r 
(the number of reactions). Reference components are chosen 
such that the matrix V is nonsingular. Following the develop- 
ments of Ung and Doherty (1995a1, the transformed mole 
fraction coordinates are defined as 

x ,  - v:v- lXRcf 

1 - v;oTv- 'XRrf 
x, = i = l , 2 ,  ..., c - r .  (6) 

The transformed mole fractions as just defined add up to 
unity and are reaction invariant: 

r -- ). 

C X , = l  (7 )  
i -  I 

where 5 is the column vector of the r dimensionless extents 
of reaclion: 

(9) 

Thus, provided that c - r 5 4, isothermal, isobaric phase 
diagrams of systems with any number of components and re- 
actions can be plotted on paper for visualization. In essence, 
a reactive phase diagram in transformed coordinate space is 
a projection/transformation of the reaction equilibrium sur- 
face (or intersection of reaction equilibrium surfaces in the 
case of multiple reactions) onto a lower-dimensional coordi- 
nate system. Every composition on this diagram satisfies the 
reaction equilibrium equations. Liquid-liquid phase splits are 
shown on the reactive phase diagram with a "reactive" phase 
envelope. It represents the projection of the intersection of 
phase and reaction equilibrium surfaces onto the trans- 
formed coordinate system. Every composition on a reactive 
phase envelope satisfies phase and reaction equilibrium 
equations. These transforms have been used by a number of 
researchers for different reactive separation processes, such 
as reactive distillation (Ung and Doherty, 1995b), reactive 

Vol. 44, No. 12 AIChE Journal 



Xl I2 I, &+I XN 

Figure 1. Countercurrent multistage extractive reactor 
(MSER) cascade. 
Streams leaving each stage are in phase and reaction equi- 
librium. 

crystallization (Berry and Ng, 19971, and extractive reactions 
(Samant and Ng, 1998a). 

Extractive reactor model 
The MSER model is shown in Figure 1. The MSER cas- 

cade comprises a solvent-rich extract stream and a solvent- 
lean raffinate stream in countercurrent flow. We assume that 
the cascade operates at constant temperature and pressure. 
This assumption can easily be relaxed if temperatures and 
pressures on each stage of the cascade are specified. The liq- 
uid phases leaving each stage are in phase and reaction equi- 
librium. 

Consider an MSER with a feed stream composed of z, 
and molar flow rate F ,  a solvent stream composed of z, and 
molar flow rate S, an extract stream composed of yN and 
molar flow rate E ,  and a raffinate stream composed of xI 
and molar flow rate R,  where 

The material balance around the MSER gives 

where _E is the column vector of the r molar extents of reac- 
tion 

_E = ( E l ,  € 2 ,  . . .) €,)'. (15) 

Using the r reference components we can split Eq. 14 as 

FzRt.t,f + S Z R e f . S  = EyRef ,N  + & R e f , I  -'c (16) 

Fz,,+Sz, ,=Ey,,+RU,,-v,~ i = l , 2 ,  ..., c - r - 1  

(17) 

(18) F + S = E + R - v ; ~ ~ _ E  

where 

We now eliminate _E from Eqs. 17 and 18 by using Eq. 16 
to get 

We define transformed molar flow rates for the feed, solvent, 
extract, and raffinate streams as 

and write Eqs. 23 and 24 as 

$ Z i F + $ Z i S = J ! ? y N + k X i l  i = l , 2 ,  ..., c - r - 1  (29) 

I " + $ =  i+ R ,  (30) 

where Z I F ,  Z l s ,  y N ,  and X , ,  are the transformed mole frac- 
tions of component i in the feed, solvent, extract, and raffi- 
nate streams, respectively; defined by the general definition 
given in Eq. 6. We can combine Eqs. 29 and 30 using vector 
notation to write the overall material balance equation as 

where Z,, Z,, YN,  and X ,  are the column vectors of c - r  
transformed mole fractions of the feed, solvent, extract, and 
raffinate streams, respectively. 

Following the same developments, we can write the mate- 
rial balance equations for each stage within the cascade as 

where Y, and XI are the transformed composition vectqrs for 
tce extract and raffinate phases leaving stage i, and El a n d  
RI a;e the-cofresp?nding transnformed ?ow rates (here R ,  = 
R, EN = E,  E ,  = S ,  Yo = Z,, RN+ , = F, and X N +  = 2,). It 
should be noted that the overall material balance given by 
Eq. 31 is equivalent to the sum of N stage balance equations 

AIChE Journal December 1998 Vol. 44, No. 12 2691 



given by Eq. 32. Also, the streams leaving any stage i are in 
phase and reaction equilibrium. 

Y = f , , ( X , )  i = 1 . 2 ,  ..., N .  (33 )  

The vector function f,, represents the set of c phase equilib- 
rium and r reaction equilibrium equations. 

In addition, the mole fractions and the transformed mole 
fractions of each stream in the cascade should sum up to 
unity. 

C < - I  c V k i =  c Yk,=l.O i = O ,  1 ,  ..., N (34) 
k = l  L = l  

c C - I  exkL= CX,,=I.O i = 1 , 2  , . . . ,  N + I .  (3s) 
k = l  k = l  

The design problem and degrees of freedom 
Equations 31 to 35 completely describe the design prob- 

lem, which includes determination of the number of stages in 
the MSER cascade, the composition profile, the molar flow 
rates, and yield or product distribution for the reaction sys- 
tem under consideration. The number of independent vari- 
ables for the design problem is obtained from a degrees-of- 
freedom analysis. At each of the N stages, there are (c - r )  
independent material balance equations given by Eq. 32 and 
( c  + r )  independent equilibrium equations given by Eq. 33. 
There are 2 ( N  + 1) additional equations given by Eqs. 34 and 
35, thus giving a total of 2cN +2(N + 1) equations. These 
equations can also be written in terms of mole fractions in- 
stead of transformed mole fractions, as the functional rela- 
tionships between mole fractions and transformed mole frac- 
tions and molar flow rates and transformed molar flow rates 
are known (Eqs. 6, 25-28). The variables are N ,  S, z g ,  F ,  z F :  
and E,, yi, R,, x, for i = 1, 2, .. ., N. Each composition vec- 
tor consists of c mole fractions. Thus we have 2 c ( N  + 1)+ 
2 ( N  + 1) + 1 variables. Therefore, the design problem has ( 2 c  
+1) degrees of freedom. S, zs, F ,  and z F  are often speci- 
fied. The feed and the solvent streams have only (c - 1) inde- 
pendent mole fractions. Hence these specifications account 
for (2c) degrees of freedom. The remaining degree of free- 
dom is specified by choosing a mole fraction of any species j 
in the raffinate phase ( x , ,  or X , , ) .  In principle, the design 
problem can be completely solved with these (2c + 1) specifi- 
cations. 

To obtain the number of stages and the MSER composi- 
tion profile (operating line), we have to solve Eqs. 32 to 35 at 
each stage for the unknown flow rates and compositions. This 
is an initial-value problem whose solution is started from stage 
1 (or alternatively from stage N ) .  To determine the unknown 
flow rates and compositions at the first stage, we need to 
solve the following equations: 
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. .  c z,,s = c x,, = c X,? = c y ,  = c y3 = 1.0. (39) 
I .  I / =  I / = I  / = I  I -= 1 

Equation 36 represents (c - r )  material balance equations on 
stage 1. Equations 37 and 38 indicate that streams leaving 
stages 1 and 2 are in  phase and reaction equilibrium and form 
a sct of 2(c + r )  equations. Although stream EZ does not ap- 
pear in the material balance equations, we include the com- 
position of this stream in our equations, as this stream is in 
phase and reaction equilibrium with stream R,, which enters 
stage I .  There are five additional equations given by Eq. 39. 
Hencc at the first stage of the initial-value problcm, we have 
(3c + r +5) equations. In these cquations we have a total of 
(Sc+4) variables. which are S ,  zJ, R , ,  x,,  R?,  x?,  E , ,  y , ,  
and y 2 .  Hence, we have (2c  - r - I )  degrees of freedom. As 
mentioned previously, S. z , ~ ,  and X,, (or x,,), a total of (c + 1) 
variables, are already specified for the design problem. Hence, 
to initiate the solution of the initial-value problem we need 
to calculate (c - r - 2) variables. 

The only way this can be done is by solving the overall 
material balance (Eq. 3 1 ), as this is the only equation that 
contains additional information in the form of F and z F .  The 
overall balance has (c - r )  independcnt equations. The vari- 
ables are S, z S .  F ,  z F ,  E,  y R .  R,  and x,. The outlet extract 
and raffinate compositions must satisfy phase and reaction 
equilibrium equations. Therefore, by Gibbs' phase rule at 
constant temperature and pressure, the composition vectors 
yhr and x, each have (c - r - 2 )  independent mole fractions. 
Thus we have a total of 2(c - 1) + 2(c - r - 2 )  + 4 variables, 
( c  - r )  equations, and (3c - r - 2 )  degrees of freedom for the 
overall balance. We can solve the overall balance and start 
the solution of the initial-value problem without any addi- 
tional information only if thc degrees of freedom for the de- 
sign problem and the overall balance are equal, that is. 

c - r = 3 .  (40) 

To solve the overall balance equation and the initial-value 
problem for systems where c - r > 3,  we have to assume ( c  - 
r - 3 )  variables in addition to the (2c + 1) design specifica- 
tions. These ( c  - r - 3)  variables arc updated iteratively until 
a solution that satisfies Eqs. 31 to 35 is obtained. In this arti- 
cle we consider examples that satisfy Eq. 40. It should be 
noted that the condition given by Eq. 40 for a nonreacting 
system is c = 3. The presence of reaction(s1 allows us to han- 
dle, without iterations, systems with more than three compo- 
nents. 

Feasibility of operation 
The design problem is completely defined by specifying S 

(or S /F) ,  zs, F ,  z F ,  and X,,, and this information is ade- 
quate to solve the initial-value problem for systems that sat- 
isfy Eq. 40. However, this information alone does not guaran- 
tee feasibility of operation. MSER operation is feasible only 
for certain values of solvent flow rate. S/F. For feasible oper- 
ation, the compositions of the raffinate streams X ,  ( i  = 1. 2, 
, . . , N )  should lie on the solvent-lean side, and the composi- 
tions of  the extract streams Y, ( i  = 1. 2. . . . , N) should lie on 
the solvent-rich side of the reactive phase equilibrium sur- 
face. For a system with c components and r reactions, the 
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reactive phase equilibrium surface is a (c - r -2)-dimensional 
surfacc corresponding to  the intersection of phase and reac- 
tion equilibrium surfaces. When S, zs, F ,  z F ,  and X I ,  afe  
specified, the preceding requirement is met only for a certain 
range of solvcnt flow rates S/F E [(S/F),,,,,, (S/F),,prr]. This 
is the range of operation of the MSER for the specified de- 
sign variables. In general, the upper and lower bounds on the 
range of operation are governed by the equilibrium behavior 
of the system under consideration. Determination of these 
bounds for specific cases of interest is demonstrated in Ex- 
amples I and 2. 

Feasible operation is not guaranteed for all values of S/F 
within these bounds. Typically, as in the case of nonreacting 
systems, u e  should expect a minimum value of S/F. For 
(S/F)i,ppcr 2 ( S / F )  > (S/F),,,,", the profile should attain the 
extract target cornposition y,,, in a finite number of stages. 
For (S/F),,,,,, 5 ( S / F )  I (S/F),,,,, the profile should not at- 
tain the target composition even in an infinite number of 
stages, and thc equilibrium and operating curves should touch 
or intersect (pinch) at one or more points. We should ensure 
the feasibilitv of operation by determining the value of 
(S/F),,,," before trying to evaluate the equilibrium stage re- 
quirements and the process trade-offs. This problem of de- 
termination of the minimum solvent flow is discussed in the 
following subsection. 

as: 

Estimation of minimum solvent jlow 
For systems that satisfy the constraint of Eq. 40, the mini- 

mum solvent flow requirement can be determined by tracking 
the fixed points of the MSER model equations, that is, by 
tracking the points of intersection of the equilibrium and op- 
crating curves. This approach eliminates the need to perform 
stage-to-stage calculations at each and every value of S/F. 
All values of S/F within the MSER range of operation for 
which fixed points exist are calculated. The highest value of 
S/F for which a fixed point exists corresponds to the mini- 
mum solvent flow (S/FImin. This technique was also used by 
Minotti et al. ( 1996) for nonreactive systems. 

At a fixed point (pinch) in the MSER profile, the equilib- 
rium curve and the operating curve touch or intersect. The 
stream compositions d o  not change from stage to stage. If a 
pinch exists at the kth stage, then 

x, = x,, , = ... = x,\ = x (41) 

(42) yh - ,  = yk = ... = y - y v -  

?= f c q ( X ) .  (43) 

Hence the t'ixcd points of the MSER profile will satisfy Eq. 
43 and the following material balance equations 

(44) 

where E,, and R,, are the transformed molar flow rates of 
the extract and the raffinate streams at the pinch. Equations 
44 and 45 can be written in the form of a vector function F 

F d ,  Yv,  kp ,  Rp,  Ehr, R ,  S / F )  = O .  

This equation represents a set of (c - r )  material balance 
equations at the pinch (Eq. 44) and (c - r )  overall balance 
equations (Eq. 45). We have used the design specifications 
zs, F ,  z F ,  and X I ,  and Eq. 43 to eliminate the remaining 
variables from Eqs. 44 and 45. 

Equation 46 is solved by using a parametric continuation 
method. The branch of solutions of Eq. 46 is tracked, starting 
at a known solution, by using A = S/F as a continuation pa- 
rameter. The parameter continuation may be written as 

(47) 

The parameter continuation of this form fails when there ex- 
ists a turning (limit) point in the X vs. A graph, as at this 
point the Jacohian of F becomes singular (Seader, 1985). At 
this point, the equilibrium and operating curves are tangent 
to each other (tangent pinch). This difficulty is eliminated by 
using a pseudo-arc-length continuation technique, which 
chooses any one of the variables as the continuation parame- 
ter (Kubicek, 1976). The solution to Eq. 47 at the Nth stage 
(feed pinch), d, = X , ,  (Y+ ,  = Y, = fF = f,,(X,)), is used as 
the starting point for the continuation method. The feed pinch 
solution can easily be calculated by using Newton's method. 

Some solutions obtained by this method are not physically 
meaningful. Therefore, we impose the following constraints 
on the solutions: 

The norms of the transformed composition vectors depend 
on the equilibrium behavior of the system. The form of these 
constraints for specific cases of interest (Examples 1 and 2) is 
considered in the following sections. The fixed point that 
controls the minimum solvent flow, that is, which corre- 
sponds to the highest value of S/F, will occur either at 2 = X ,  
(feed pinch controlled) or at a turning point in the d vs. A 
graph (tangent pinch controlled). 

In the following sections we present examples illustrating 
the fixed-point tracking technique and the design procedure. 

Example I :  Improvement in Yield. Consider a system with 
the following reaction: 

A solvent I that is completely miscible with A and C but 
partially miscible with the desired product B can be used to 
improve the yield of B (Samant and Ng, 1998a), which is de- 
fined as follows: 

Amount of desired product produced 
Amount of reactant fed to the reactor 

Yield = . (51) 
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Using A as the reference component, the transformed mole 
fractions for this system are: 

+ XA X,=- 
1 + XA 

' C  + 'A x, = ___ 
1 + XA 

X I  X I  = - 
l + X A  

(53) 

(54) 

Figure 2 shows the reactive phase diagram for this system. 
The parameters used to generate this diagram are listed in 
Table 1. Curve ips is the reactive phase envelope and the 
dashed lines represent reactive tie-lines. The region enclosed 
by the reactive phase envelope is the two-phase region. The 
feed, solvent, extract, and raffinate streams are also marked 
on the phase diagram. The design variables for the system 
are also specified in Table 1. For these specifications, the 
MSER range of operation is bounded by 

i = B ,  C, I ,  (56) 

C 

AB 

Figure 2. Reactive phase diagram for example 1. 
The reactive phase diagram is plotted in transformed coor- 
dinate space to reduce the dimensionality of the system from 
three (c - 1) to two ( c  - r - I). Every point on the reactive 
phase envelope (curve rps) is a projection of the intersection 
of the phase and reaction equilibrium surfaces in mole frac- 
tion coordinates. 
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Table 1. Thermodynamic Parameters and Design 
Specifications for Example 1 

Temp. = 298.15 K; 
UNIQUAC Equation Parameters (Sorenson and Arlt, 1979) 

Pres. = 1 atm; Equil. const., K = 2.0 

Pure Comoonent Parameters 
Component r 4 

A (4) 3.4543 3.052 
B ( 3 )  2.4088 2.248 
c (2) 2.2024 2.072 
I(1) 3.1878 2.400 

Binary Interaction Parameters (K) 

a (1,l) = 0.0 
a (2,l) = 56.488 
a (3,l) = 113.53 
u (4,l) = 17.119 

a (1.2) = 41.146 
u (2,2) = 0.0 
a (3,2) = 121.1 1 
a (4,2) = 157.6 

a (1,4) = 154.55 
a (2,4) = -277.29 
a (3,4) = 7.4068 
a (4,4) = 0.0 

a (1,3) = 649.05 
a (2,3) = -229.71 
a (3 ,3 )  = 0.0 
a (4,3) = -25.154 

Design Specification 
F = 1.0 X ,  I = 0.75, 0.80, 0.85 

Component Z, F 2 , T  

A (4) 1 .o 
B ( 3 )  0.0 
c (2) 0.0 
I(1) 0.0 

0.0 
0.0 
0.0 
1 .o 

Range of Operation 

(S/F)lower = 1.44 (S/FIupper = 257.75 

where X ,  and X u  are the transformed mole fractions at 
points L and U ,  respectively. The values of these bounds are 
listed in Table 1. Note that the first equality in Eqs. 55 and 
56 follows from Eqs. 25 and 26, and the second equality re- 
sults from the lever rule. Although not clearly visible on Fig- 
ure 2, point U is the point of intersection of line SF and the 
reactive phase envelope 'ps. Solvent flow in excess of 
(S/F)uppcr will take us into the single-phase region of the re- 
active phase diagram. For solvent flow less than (S/F),,,,,, it 
is no longer possible to obtain extract compositions on the 
solvent-rich side of the reactive phase envelope (i.e., curve 

For this system the constraints imposed by Eqs. 48 and 49 
ip). 

correspond to 

ri, 2 x,, (57) 

The first constraint states that the transformed mole fraction 
of B in the raffinate phase at the pinch cannot be  less than 
that in the raffinate phase leaving stage 1 of the cascade, X,, 
(a design variable). The second constraint expresses the fact 
that the transformed mole fraction of B in the extract phase 
at the pinch cannot be greater than that in the extract phase 
leaving stage N ,  YON (which is determined by the overall ma- 
terial balance). These constraints can easily be derived from 
the phase diagram in Figure 2. The results of the fixed-point 
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Figure 3. (a) Fixed points of the MSER profile as a function of S / F  for example 1 ( X B ,  = 0.85); (b) extractor profile 
for S/ F = 3.4 < ( S / F  I,,,,,,; (c) extractor profile for S/ F = 3.5540 = (S/ F I,,,,,, (tangent pinch); (d) extractor 
profile for S/ F = 4.25 > (S/ F (feasible operation). 
A tangent pinch is observed at S/F = 3.5540. MSER operation is feasible for solvent flow rates larger than 3.5540. Open circles indicate 
compositions of streams leaving each stage. According to the Gibbs phase rule, these streams have only 1 deg of freedom ( c  - r - p )  at 
fixed 7 and P .  Hence their compositions are completely specified just by specifying any 1 mole fraction (in this case, that of component B ) .  
Fixed points (pinches) are intersection points of operating and equilibrium curves. 

tracking method (for X,, = 0.85) are shown in Figure 3a. 
The curve vs. S/F represents the branch of fixed points of 
Eq. 47. The curve YON vs. S/F represents the constraint im- 
posed by Eq. 58. The branch of solutions above the feed pinch 
is shown by a dotted line and is ignored, as it violates this 
constraint. The branch of solutions shown by a solid line rep- 
resents the solutions within the range of operation of the 
MSER. In this case, the fixed point that controls the mini- 
mum solvent flow requirement corresponds to the turning 
point. Hence, the system is tangent pinch controlled with 
(S/mm," = 3.5540. 

The MSER profiles for various values of S/F are shown in 
Figures 3b, 3c, and 3d. It should be noted that the profiles 
are plotted in mole fraction coordinates, as only one mole 
fraction is sufficient to specify the composition of a point on 
the reactive phase envelope. Figure 3b shows the profile for 
S/F = 3.4. For this value of S/F we have two fixed points 
within the range of operation (see Figure 3a). Hence, the 
equilibrium and operating curves intersect at two points and 
the target composition, ( z F ,  y N ) ,  cannot be achieved even in 
an infinite number of stages. Figure 3c shows the profile at 
the tangent pinch (S /F = 3.5540). The equilibrium curve and 
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Figure 4. 
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(a) Trade-off between S / F  and equilibrium 
stage requirement for example 1; (b) yield of 
desired product as a function of S / F  for ex- 
ample 1. 
In port (a) the number of theoretical atages required in- 
creases sharply as minimum solvent flow is approached. As 
expected. part (b) shows that multistage extractive reaction 
gives significant improvement in yield over conventional sin- 
gle-phase processes. 

the operating curve are tangent to each other at the fixed 
point and an infinite number of stages are required to  achieve 
the target composition. The profile for S/F = 4.25 is shown in 
Figure 3d. This value of S/F is higher than the minimum, 
and hence the target composition is achieved in a finite num- 
ber of stages. 

Figure 4a shows the trade-off between the number of stages 
and solvent flow for different specifications of X B I .  The equi- 
librium stage requirement tends to infinity as the solvent flow 
rate approaches its minimum value. At the same S/F, the 
stage requirement decreases, as the outlet raffinate stream 
contains less desired product B. Also the minimum solvent 
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flow (S/F)n,ln requirement decreases, as the outlet raffinate 
contains less desired product. This should be contrasted with 
the yield vs. S/F plot in Figure 4b. The yield of the desired 
product at any S/F decreases with a decrease in the raffinate 
mole fraction of the desired product. However, the MSER 
cascade gives yields much higher than a single-phase process 
(0.8096) for all values of X B I .  It should also be noted that the 
yield increases with increasing solvent flow rate for all values 

Consider a system 
of x,,. 

Example 2: Improvement in Selectivity. 
with reactions in parallel: 

A - B + C  
A -  D ,  

or with reactions in series 

Note that these two systems are equivalent at reaction equi- 
librium because of reversibility (see the Appcndix). In both 
cases, the selectivity to the desired product B is parametrized 
by the product distribution as 

Total B produced 
Total A reacted Product distribution = . (61) 

The product distribution can be greatly improved by employ- 
ing a solvent I that is miscible with A ,  C ,  and D ,  but that is 
partially miscible with B (Samant and Ng, 1998a). With A 
and D as reference components, the transformed mole frac- 
tions for this system are 

Figure 5 shows the reactive phase diagram for this system. 
The thermodynamic parameters used for generating the reac- 
tive phase diagram are given in Table 2. The design variables 
used for the calculations are also listed in Table 2. The range 
of operation can be determined in a manner similar to the 
prcvious example and is listed in Table 2. 

Figure 6 shows the branch of fixed points (for X,, = 0.85) 
of Eq. 47 subject to the constraints of Eqs. 48 and 49. For 
this system, too, these constraints correspond to Eqs. 57 and 
58. In this case, the fixed point that controls the minimum 
solvent flow corresponds to the feed pinch. Hence, the sys- 
tem is feed-pinch controlled with (S/F),,, , , ,  = 3.11. A tangent 
pinch does not exist. For S/F I 3.11, the equilibrium and op- 
erating curves intersect at one point and for S/F > 3.11, they 
d o  not intersect, and thus the target composition is achieved 
in a finite number of stages. 

The process trade-offs are shown in Figure 7. We observe 
from Figure 7a that the stage requirement tends to  infinity as 
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Figure 5. Reactive phase diagram for example 2. 
I'hc rcactivc phase diagram is plotted in transformed coor- 
ilin.ile rpace to reduce the dimensionality of the system from 
l o u r  ( (  ~- I )  to two ( c  - r ~ I ) .  Every point on the reactive 
ph;r.;c cnvelope (curve rps) is a projection of the intersection 
~ ) f  the phase and reaction equilibrium surfaces in mole frac- 
tion coordinates. 

Table 2. Thermodynamic Parameters and Design 
Specifications for Example 2 

Temp.=298.15 K: Pres.=l atm; Equil. const., K,=I.O, K2=K,=2.0 
UNIQUAC Equation Parameters (Sorenson and Arlt. 1979) 

Pure Coniponent Parameters 
Componen~ r q 

1(3) 3.4543 3.052 
R 11) 2.4088 2.248 
c ( 2 )  2.2024 2.072 
I> ( 5 )  3.1680 2.484 
I ( 3 )  3.1878 2.400 

Rinaty Interaction Parameters (K) 

= O . ( I  a (l,2)=121.11 a (1.3)= 113.53 
= ~- 210.71 a (2,3) = 56.488 
-= 640.05 a (3 ,2)  = 41.146 a (3 ,3)  = 0.0 

u (2 ,2)  = 0.0 

= -25.154 a (4,2)=157.60 a (4,3)=17.119 
= -200 39 a (5 ,2 )  = -485.54 u (5 ,3)  = -99.271 

it (1.4) = 7.4068 
ii (2,4) = - 277.29 

a (1,5) = 182.85 
a (2,5) = 436.64 
a ( 3 3 )  = 241.35 
a (4,5) = 298.52 
a (5 ,5)  = 0.0 

(1 (3,4) = 154.55 
0 (J,4) = 0.0 
ci (5,4) = 7.4239 

Desim SDecitkations 
I;= 1 0  x,, = 0.75, 0.80,0.85 

Component  2 ,  \ 

0.0 
0.0 
0.0 
0.0 
1.0 

Range of Operation 

(.%,'F = 1.72 (S/F)upllci = 86.5 

0.05 1 

3.00 3.05 3.10 3.15 

S F  

Figure 6. Fixed points of the MSER profile as a function 
of S / F  for example 2 ( X B ,  = 0.85). 
It shows a feed pinch. The  target composition can be 
achieved bith a normalized solvent flow rate ( S / F )  larger 
than 3.11. 

the solvent flow approaches its minimum value. The stage 
requirement (at any given S / F )  and (S/F'Im," decrease as X,, 
decreases. However. the product distribution at a given S/F 
also decreases with decreasing X,, (Figure 7b). The product 
distribution decreases with increasing S/F for all values of 
X,,. However, the product distributions are vastly superior to  
that from a single-phase process (0.3824). 

Design of MSER Process Flowsheets 
In the preceding sections we presented with the aid of il- 

lustrations the method for design of an MSER cascade. For 
the problem of designing a stand-alone MSER cascade, the 
(2c + 1) degrees of freedom were specified by fixing S, zJ, F ,  
z F ,  and x, ,  or X , , .  However, for the success of processes 
involving MSER cascades, it is essential to recover and recy- 
cle the solvent(s) and the unconverted reactant(s). The recy- 
cle streams, in general, will change the degrees of freedom of 
the process and we can no longer fix all of the just listed 
variables independently. However, the design technique for 
the stand-alone cascade can easily be adapted for the entire 
flow sheet. The design procedure involves the following steps: 

1. Synthesize a process for the desired process objective(s1, 
including improvement in yield, selectivity, and ease of sepa- 
ration (Samant and Ng, 1998a). 

2. Determine the degrees of freedom of the process flow- 
sheet. 

3. Determine the window of operation of the MSER cas- 
cade. 

4. Evaluate the process trade-offs within the window of 
operation. 

The window of operation of the MSER cascade is the range 
of the key design variable for which the MSER operation is 
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Figure 7. (a) Trade-off between S/ F and equilibrium 
stage requirement for example 2; (b) product 
distribution as a function of S/F  for example 
2. 
In part  ( a )  lhc nunihcr  ot' t l i corc t iu l  h t a g e  t c q i i i t c d  i t > -  
creaser .;hnrply as minimum wlvent flow i.; appruached .  Pert 
(11) shows tha t  the  M S E R  pr(ice\s give5 stgntlicant inipro\c- 
mcnt in product distribution over convcntional .;ingle-phaw 
proccsses. 

feasible. It should be noted that for the stand-alone MSER 
cascade, the key design variable is the solvent flow S/F and 
the window of operation corresponds to (S/F)Llppcr  2 ( S / F )  > 
(S/F)m,,,. The design procedure is demonstrated with the fol- 
lowing examples. 

A flowsheet 
for a process for improving the yield of desired product R o f  
the system considered in Example 1 is shown in Figure 8. 
The flowsheet has three degrees of freedom if the coniposi- 
tions of feed and product streams and the degrees of separa- 

Exanzple 3: Process for Imppr.oucmetit in Yield. 
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tions in the separators arc specified (Samant and Ng, 1998a). 
In this examplc and the next. we assume pure component 
feed and product streams and completc separation o f  the in- 
dicated component in the separators. The thrce degrees of 
freedom can he conveniently specified by fixing the raffinatc 
flow irate. R. and the mole fraction of the desircd product in 
the raffinate and the extract phases, X,, and ITljL. The flow 
rates and compositions of all streams are fixed once these 
degrees of freedom are specified. 

In  this analysis, we fix R and X,,, and determine the range 
of thc kcy variable Y,,,, for  which the operation of MSER is 
feasible. This window of opcration is obtained by reformulat- 
ing the fixed-point tracking problem for the ncw key variable 
a s  follows. 

11 a fixed point, (A'. Y ) ,  exists within the MSER range of 
opcration for given values of  R,  A',,,, and Y,,, . i t  satisfies 
Eqs. 33, 34. and 45 and the constraints imposed by Eqs. 48 
and 4Y. By eliminating the dependent variables. these cqua- 
tions can he written in the form of a vector function C as: 

* A  

The vector function G reprecents a set of ( c  - r )  material 
balance equations at the fixcd point. Note that the ( c  - 1.) 
overall balance equations are alrcady satisfied as S ,  z , ) .  F .  
z I ,  E get fixed once R,  A'/j,, and Y,, arc specified. The 
pseudo-arc-length continuation technique is used to track the 
solutions of Eq. 65 subject to the constraints of Eqs. 48 and 
49 with A = Y,,,, ;IS the continuation parameter. The feed- 
pinch solution is used as the starting point of the continua- 
tion method. 

Figure 9 shows the branch of fixed points of the MSER 
profile for X,, = 0.85. Note that this plot is independent 51' 
the value of K. ThisA is because in Eq. h5. only E,, and K,, 
depend on I< and X, (and YI j )  arc independent of R. We 
observe that there exists R value of  Yfj,y below which the 
extractor profile does not have any fixed points. This value, 

I n r ,  

f - f - A  MSER 

I 1SliC-i 

Figure 8. Process for improvement in yield (example 3). 
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Figure 9. Fixed points and window of operation as a 
function of YEN for example 3 ( X E ,  = 0.85). 
T h e  shaded region indicate5 t h e  fcasible h,itidow of opera- 
t i o i i  u i t h  the transformed mole fraction of coinponcnt R in 
~ l i c  c \ t r i tc t  strcam leaving the final stage ( Y B v )  hieing the  
he\ ilcyign variable. 

Y{;,;''. coi-rcsponds to the upper limit on the window of oper- 
ation. For Y,, 2 Yl;F, the equilibrium and operating curves 
touch or interscct each other and the MSER operation is not 
feasible. Thc lower bound on the window of operation is the 
composition of the extract stream in equilibrium with the 
outlet raffinate stream, that is, YBl. Thus the window of oper- 
ation of the MSER cascade is 

Within the uindow of operation the MSER profile attains 
the target composition in a finite number of stages. The win- 
dow of operation is shown by the shaded region on Figure 9. 
The fixed point that controls YZk?' corresponds to a tangent 
pinch. 

The trade-off between the number of stages and solvent 
flow within the window of operation is shown in Figure IOa 
for different specifications of X n , .  As expected, the stage re- 
quirement tends to infinity as we approach Yn'. However, 
the solvent flow decreases as this limit is approached, thus 
reducing the s ix  of each stage. Hence the optimal choice of 
Y,j, lies somewhere between the upper and the lower bounds. 
The yicld of B goes through a maximum with increasing YB,,,, 
as shown in Figure IOb. For a given value of YBw, the yield of 
B increases with increasing X,,,. However. the stage require- 
ment and sohcnt flow also increase. As can be seen from the 
phase diagram (Figure 21, YBl increases with decreasing X 8 , .  
Hcncc in this case, as X , ,  decreases, the window of opera- 
tion shifts to the right and becomes narrower. In the limiting 
case of X,! (;tnd Y,,) approaching the reactive plait point, 

both the upper and lower bounds on the window of operation 
coincide with the reactive plait point. 

This design procedure can also be used to compare flow- 
sheet alternatives. For example. for this process a flow sheet 
alternative where stream 1 is mixed with the solvent stream 
instead of the extract stream can also be used. as suggested 
by Samant and Ng (1998a). This alternative gives a slightly 
higher yield of B for any specification of R,  X,, , and Yfj,V. 
However, the window of operation is very narrow and much 
higher solvent flows are required. Hence the flow sheet of 
Figure 8 is more attractive. 

Figurc 
11 shows a flow sheet for a process for improving thc seiectiv- 
ity of the desired product of the system considered in Exam- 
ple 2. Samant and Ng (1998a) have shown that this flowsheet 
also has three degrees of freedom once the compositions of 
feed and product streams and the degrees of separations in 
the separators are specified. As before. the system can be 

Exomnplc 4: Process for  Improvement in Sclecriuih. 
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Figure 10. (a) Trade-off between equilibrium stage re- 
quirement and solvent flow for example 3; (b) 
yield of B as a function of Y,, for example 3. 
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Figure 11. Process for improvement in selectivity (ex- 
ample 4). 

completely specified by fixing K ,  X,,, and Y,$,\. Therefore, 
the formulation and solution of the fixed-point tracking prob- 
lem is similar to the previous example. 

Figure 12 shows the branch of fixed points (for X,, = 0.85) 
that satisfy Eqs. 38, 49, and 65. This plot is also valid for any 
value of R. Here, again: we observe that there exists an up- 
per bound on the window of operation. Here, the upper 
bound is controlled by the feed pinch and there are no tan- 
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Figure 12. Fixed points and window of operation as a 
function of Y,, for Example 4 (X,, = 0.85). 
T h e  shaded region indicatea the feasible window of opera- 
tion with thc  transformed mole fraction of component H 
in the extract stream leaving the final stage (Y,,,  ) k i n g  
the  key design variable. 
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Figure 13. (a) Trade-off between equilibrium stage re- 
quirement and solvent flow for example 4; (b) 
product distribution as a function of Y,, for 
example 4. 

gent pinches in the MSER profile. The window of operation 
is shown by the shaded region on  Figure 12. 

The trade-off between the number of stages and solvent 
flow within the window of operation is shown in Figure 13, 
for different specifications of X f 3 , .  As before, the stage rc- 
quirement increases and the solvent flow decreases as we ap- 
proach Yfiv'. Hence the optimal choice of  YN,,  lies some- 
where between the upper and the lower bounds. The product 
distribution increases with increasing Y,[., for all values of 
X,,, as shown in Figure 1%. For a given value of Y,,v, the 
product distribution increases with decreasing X,,,. The stage 
requirement and solvent flow also decrease. As in the previ- 
ous example. however. the window of operation becomes nar- 
rower and moves to the right as X,, decreases until both the 
upper and thc lower limits coincide with the reactive plait 
point when X,,, coincides with the reactive plait point. 

Conclusions 
Extractive reaction systems are mirlticomponcnt reactive 

systems with liquid-liquid phase separation. Such systems can 

2700 December 1998 Vol. 44, No. 12 AIChE Journal 



be obtained by deliberate addition of an immiscible liquid 
phase or can occur due to formation of products that are 
partially miscible with the reactants. Multistage processes in- 
volving extractive reactions can be synthesized to improve the 
yield or selectivity of a desired product or to facilitate separa- 
tion of byproducts. The objectives of this article are to de- 
velop a calculation procedure for design of such multistage 
processes. to identify key design variables, and to assess their 
impact on process trade-offs. 

Thc design procedure is generally applicable for systems 
with more than three components. Transformed mole frac- 
tion coordinates are used for the ease of visualization of the 
phase behavior of multicomponent systems. An important 
feature of the procedure is the analysis of the geometric 
properties of the MSER profiles. This analysis is carried out 
by tracking the fixed points or pinches of the MSER profile 
using arc-length continuation, and it determines the window 
of operation o f  the MSER. For design specification within 
the wpindow of operation. the MSER profiles are feasible and 
the target composition is achieved in a finite number of stages. 
Once thc window of operation is determined, the equilibrium 
stage rcquit-emcnts and process performance within this win- 
dow can hc casily determined. The fixed-point tracking docs 
not require stage-to-stage calculations. 

l‘hc procedure is illustrated with examples of the design of 
stand-alone MSER cascades and of MSER process flow- 
sheets. I n  addition to providing information about process 
feasibility and performance, this procedure can also be used 
to help in screening flow-sheet alternatives for MSER proc- 
esses. The analysis is limited to equilibrium-constrained sys- 
tems, and it  should be noted that slow reaction kinetics and 
mass transtcr will influence the process performance. Effect 
of  kinctics and mass-transfer on extractive reaction processes 
have been considercd in a separate publication (Samant and 
Ng, 1998b). 
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Notation 
E,.  K, = nioliir flow rates of extract and raffinate streams leaving 

El,, /<,> = molar flow rates of extract and raffinate streams at the 

E,,. d,. = trtmtorrned molar flow rates of extract and raffinate 

V =  nuniher of theoretical stages in thc MSER cascade 
p = number of phases 
I’= pi-eswrc. atm 
T= temperature. K 

stagc X .  mol/s 

pinch. niol/b 

\iremi\ at the pinch, mol/? 

= molc Iraction of component i 
= transtormed mole fraction of component i 

f. A’= coluinn vector of transformed mole fractions at the pinch 
~~ 

Y,. A’, = tramformed mole fraction of component i at the pinch in 

>‘,!>..\,i = mole fraction of component i in extract and raffinate 

zi, ,:(, = mole traction of component i in fced and solvent streams. 

i n  extract and raffinate streams, respectively 

extract and raffinate streams, respectively 

streams leaving stage k 

respect tvely 
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y, = activity coefficient of component i 
vTo ,,,,, = algebrdic sum of the stoichiometric coefficients o f  the 

components in reaction m 
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Appendix: Equivalence of Parallel and Series 
Reaction Schemes of Example 2 at 
Thermodynamic Equilibrium 

The parallel and series reaction schcmes under considera- 
tion are a5 given in Eqs. 59 and 60. In both cases, we con- 
cider the same components A ,  B,  C ,  D ,  and I. Hence the 
phase equilibrium equations are the same for both cases. In 
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addi t ion,  a t  reaction equilibrium, both  cases  satisfy the  101- 
lowing equat ions:  

react ion equi l ibr ium constants  for t h e  scrics react ion s c h e m e  
of Eq. 60. Thus ,  in b o t h  C ~ S C S  t h e  react ing system satisfies t h e  
s a m e  set of equat ions  a t  phasc and react ion equilibrium, 
Hcncc. they are equivalent  at  thermodynamic  cquilibriuni. 

It should be noted  t h a t  t h e  bchavior  of t h e  system in the  
preceding two cases will b e  qui te  different  when far from 
thermodynamic  equilibrium. This  is d u e  t o  t h e  fact  t h a t  t h e  
ra te  expressions a n d  ra te  constants  for series a n d  parallel re- 
act ions a r c  different. In  o t h e r  words.  i f  we s ta r t  with a ccr-  

( * I )  

(A2) 

( ~ 3 )  tain initial composi t ion,  the system with react ions in ser ies  
’ K ,  YSX/IYC Xc, ’ a n d  t h e  system with react ions in parallel would take  different  

pa ths  t o  t h e  sanie  composi t ion at thermodynamic  equilib- 
rium. T h i s  s i tuat ion is considered in more detai l  e lsewhere 
(%Inant a n d  Ng- 19Wb). 

~ i h l ~ . ~ c . i - i p t  w ~ . c w ~ /  , /M  2.1. / O W  ~d I 

K K~ - 2 - Yr)-r/l 

r\iotc that  the composi t ions and activity cocfficicnls in the 
preceding equat ions  a r e  evaluatcd a t  equi l ibr ium. K ,  a n d  K1 
represent  t h e  react ion equilibrium constants  for t h e  parallel 
react ion scheme of Eq. 59. and K ,  a n d  K ,  rcprcscnt  t h e  
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