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A systematic method presented synthesizes extractive reaction processes. The objective
is to develop liquid-phase processes involving simultaneous reaction and separation by
extraction to achieve improved yield, selectivity to a desired product, and separation of
byproducts. The method is based on the equilibrium thermodynamic analysis of multi-
component reactive systems with multiple liquid phases. Using transformed coordinates,
systems with three or fewer degrees of freedom can be conveniently analyzed regardless
of the number of components in the system. Key features of the reactive phase diagrams
relevant to achieving the process objectives are identified. The method is illustrated with
several model examples to demonstrate the advantages of extractive reaction over con-

ventional single-phase processes.

introduction

In recent years, single units that combine reaction and sep-
aration operations have received considerable attention. The
reduction in the number of equipment units leads to invest-
ment savings, and simultaneous reaction and separation pro-
vides the possibility of bypassing the equilibrium limitation
imposed by reversible reactions. The use of reactive distilla-
tion in the production of methyl acetate and methyl tert-butyl
ether clearly demonstrates the benefits (DeGarmo et al., 1992;
Doherty and Buzad. 1992). Similar advantages have been re-
alized with simultaneous reaction and adsorption in a chro-
matographic reactor (Coca et al., 1993; Tonkovich and Carr,
1994), permeation in a membrane reactor (Tsotsis et al.,
1993), and extraction in a liquid-liquid two-phase reactor
(Sharma, 1988). The precipitator is another type of reactive
separator in which the product precipitates out of solution,
thus eliminating a crystallizer from the process flow sheet
(Mersmann and Kind, 1988).

In extractive reaction, a second liquid phase containing a
solvent can be deliberately imposed on the system. Fre-
quently, the solvent selectively extracts an intermediate or
a product, thereby preventing its further reaction, and this
results in a higher yield. For example, the epoxide product
derived from 6-methylhept-5-en-2-one undergoes facile rear-
rangement to an undesirable by-product 1,3,3-trimethyl-2,7-
dioxabicyclo[2.2.1]heptane. If the series reaction is carried out
in the presence of dichloromethane, the product is extracted
into the hydrocarbon phase and a higher selectivity to the
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epoxide product is obtained (Anderson and Veysoglu, 1973),
In the Hofmann reaction of an amide with hypochlorite, a
higher yield of an intermediate isocyanate can be achieved by
extracting it into a selected solvent (Wang et al., 1984). Hy-
drolysis of formate esters with simuitaneous extraction of the
desired product has been shown to give superior yield and
reduced waste compared to a single-phase acid hydrolysis
process (King et al., 1985). In the Ruhrchemie-Rhone Poulenc
process for the production of butanal by hydroformylation of
propylene, the amount of heavy ends formed is reduced with
a biphasic reactor (Kuntz, 1987). Not all such liquid-liquid
systems are intended for reaction yield improvements. For
example, Pahari and Sharma (1991) have demonstrated the
removal of morpholine from dilute aqueous waste streams by
reaction with benzoyl chloride dissolved in toluene. In metals
processing, the recovery of a metal ion from an aqueous solu-
tion is often accomplished by reaction and extraction into an
organic phase (Chapman, 1987). Since the primary objective
is extraction, reactive extraction is probably a more appropri-
ate term than extractive reaction. However, we will not make
this distinction in this article.

Despite all these applications, relatively little is available
on the generic issues related to the synthesis of liquid-liquid
reactive systems. Specifically, it is highly desirable to under-
stand how to exploit the reactive liquid-liquid phase behav-
ior to generate a flow sheet for achieving different goals such
as improved yield, selectivity, or ease of separations. Such an
approach has been used to examine reactive distillation (Ung
and Doherty, 1995a,b) and reactive crystallization systems
(Berry and Ng, 1997).
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In this article we present a systematic procedure based on
equilibrium thermodynamic analysis for the synthesis of ex-
tractive reaction processes. We discuss, with the aid of illus-
trations, the reactive phase-equilibrium calculations and the
coordinate transform used to plot the reactive phase dia-
grams. Several examples of extractive reaction processes for
improvement in yield, selectivity to a desired product, and
separation of impurities are presented. These examples
demonstrate the advantages of extractive reaction processes
over conventional single-phase processes.

Liquid-Liquid Phase Diagrams for Systems with
Reactions

In this section we present liquid-liquid phase diagrams for
several hypothetical examples involving liquid-liquid phase
separation and chemical reactions. We do not attempt to
generate the phase diagram for any particular system. In-
stead, the examples considered cover several general situa-
tions. Any particular system can be analyzed similarly if rele-
vant data are available. Some features of the reactive
liquid-liquid phase diagrams will be exploited in the next
section to improve yield, selectivity, or ease of separation of a
process.

Generation of liquid —liquid phase diagrams for systems
with reactions

The Gibbs phase rule for a reactive mixture at equilibrium
can be written as

f=c—p-r+2, 8}

where f is the number of degrees of freedom, ¢ the number
of components, p the number of phases, and r the number
of independent reactions. For each of the r reactions, the
equilibrium constant, K,,, can be written as

~AG,,
RT

Km=exp( ) m=1, ....,r, 2)

where AG,, is the standard Gibbs free energy of reaction, R
is the gas constant, and 7T is the temperature. The equilib-
rium constant is related to species mole fractions as

c
Km = l———-[l ('xi,eq’)’i:eq)vi.m m= la e 1y (3)

where x; ., and v, ., are equilibrium mole fractions and ac-
tivity coefficients of component i, respectively; and v, is
the stoichiometric coefficient of component i in reaction m.
Stoichiometric coefficients are positive for reaction products
and negative for reactants.

If the reactive system has p liquid phases at equilibrium, it

also satisfies ¢( p —1) phase equilibrium equations given by

1 2 i

I‘Lj—_—l‘l‘j:”':Mj:“.:I‘l‘]‘p j=1’2,”.’c’ (4)
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where p,j- is the chemical potential of component j in phase
i. In terms of mole fractions, these equations can be written
as

(v = (yx) = o = (yx)) = -+ = (yx))”

j=1,2,...,c. (5)

In addition, for each phase i, we have:
i=1.2,...,p. 6)

The reactive phase diagrams are generated by solving Egs.
3,5, and 6, a total of r + ¢(p — 1)+ p equations, with f vari-
ables taking specified values. We have a total of pc +2 vari-
ables in this equation set; species mole fractions in each
phase, temperature, and pressure.

Transformed coordinates for multicomponent phase
diagrams

Representation of multicomponent phase diagrams in
mole-fraction coordinates suffers from three major draw-
backs. First, only diagrams with three or fewer components
are easily represented. Second, reactions constrain the sys-
tem to lie on a reaction-equilibrium surface that forms only a
part of the composition space. Third, the lines of constant
stoichiometry cannot be easily represented for all but simple
reaction stoichiometries.

A coordinate system can be chosen so that all the composi-
tions shown in a phase diagram are those on the reaction
equilibrium surface. Using this transformed coordinate sys-
tem also reduces the number of independent coordinates by
the number of reactions without loss of any information.
Phase diagrams of systems with three or fewer degrees of
freedom can be easily plotted regardless of the number of
components or the number of reactions.

The complete development of the coordinate transform and
its application to vapor-liquid phase diagrams of reacting
systems was provided by Ung and Doherty (1995a). The
transform was also used by Berry and Ng (1997) for multi-
component systems with multiple solid and liquid phases and
with multiple reactions in the liquid phase. Here we use the
same transform for multicomponent liquid-liquid phase dia-
grams of reacting systems. The derivation of the transform is
not provided here. However, the definition and the impor-
tant properties of the (¢ —r) transformed mole fractions, X;
(=1, , ¢—r), are summarized in Appendix A. The
method used for generating the reactive phase diagrams is
presented in Appendix B.

Examples of Liquid-Liquid Phase Diagrams with
Reactions

Three-component systems

Various types of ternary liquid-liquid phase diagrams are
shown in Figure 1 (Sorenson and Arlt, 1979; Prausnitz et al.,
1980). Here we consider the two most common types; type I,
where only one binary pair is partially miscible, and type II,
where two binary pairs are partially miscible.
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Type I

Type Illa

Figure 1. Types of ternary liquid-liquid equilibria.

Type I System with One Reaction. Consider a system that
is composed of components 4, B, and C with the following
reaction:

Ao B, 7

where C is partially miscible with A. At constant tempera-
ture and pressure, Eq. 1 indicates that the system has (2~ p)
degrees of freedom. This means that the system has one de-
gree of freedom and it is constrained to liec on a line in the
single-phase region. In the two-phase region, it has no de-
grees of freedom and it is constrained to lie at a point, or
more exactly, the two end points of a tie line.

Figure 2 is the phase diagram for this system with K = 1.0.
The UNIQUAC parameters used to generate the phase dia-
gram are listed in Table 1. Curve aPb is the phase envelope,
point P being the plait point. Point b lies extremely close to
pure-component vertex C. Curve ¢C is the reaction equilib-
rium curve. The dashes are the tie lines and the arrows are
the lines of constant stoichiometry. For K = 1.0, the reaction
equilibrium curve and the phase envelope do not intersect.
Thus, the solution to Egs. 3, 5, and 6 is the reaction equilib-
rium curve ¢C. The system is always in single phase at equi-
librium. Given an initial composition, the equilibrium compo-
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Figure 2. Phase diagram for A < B (K =1.0) in the pres-
ence of an inert C.

L

sition of the system corresponds to the point of intersection
of the stoichiometric line through the initial composition and
the curve cC.

Figure 3a is the phase diagram for the same system with
K =1(.35. In this case, the reaction equilibrium curve ¢C and

Table 1. Thermodynamic Parameters Used to Generate
Figures 2, 3 and 4

Figures 2 and 3
Temperature = 298.15 K Pressure =1 atm

UNIQUAC Equation Parameters
Pure-Component Parameters

Component r q
A3) 2.87 2.41
B 2.204 2.072
c@ 0.92 1.4

Binary Interaction Parameters (K)
a(1,1)=00 a(1,2)=100.2 a(1,3)=-11057
a(2,1)=-85.939 a(2,2)=00 a(2,3)=546.80
a(3,1)=267.8 a (3,2)=355.89 a(33)=00
Figure 4

Temperature = 307.65 K Pressure =1 atm

UNIQUAC Equation Parameters
Pure-Component Parameters

Component r q
AQ) 4.4998 3.856
B (2) 4.0456 3.236
c3 3.7165 2.816

Binary Interaction Parameters (K)
a(l,2)=-23434 a(1,3)=1283.89

a{2,2)=0.0 a(23)=1211.05
a (3,2)=37.248 a(3,3)=00

a(1,1)=00
a(2,1)=2.2026
a (3,1) =18.406

Source: From Sorenson and Arlt, 1979.
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Figure 3. Phase diagrams for A~ B (K=0.35) in the
presence of an inert C.

the phase envelope aPb intersect at points ¢ and e. The
shaded region bounded by the stoichiometric lines through
points d and e forms the two-phase region of the phase dia-
gram. If the initial composition of the system lies in this re-
gion, at equilibrium the system would split into two phases
with compositions corresponding to points d and e. Line de
is the unique reactive tie line for the system. Outside the
shaded region, the system is always in single phase and the
equilibrium compositions lie on sections cd and eC of the
curve cC.

The phase diagram for this system can also be plotted in
the transformed coordinates. Using B as the reference com-
ponent, the transformed coordinates are

X, =x,+xg (8)

Xpo=xc. <)

Since only one of these coordinates is independent, the
phase diagram is a line as shown in Figure 3b. The point
X, =0 corresponds to pure component C and the point X,
=1 corresponds to either pure component A, pure compo-
nent B, or the equilibrium mixture of 4 and B. The end
points d and e of the reactive tie line bound the two-phase
region. Any initial composition within this region would give
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rise to two phases with compositions corresponding to points
d and e. The relative amounts of the two phases can be cal-
culated using the lever rule in terms of transformed coordi-
nates as shown in Appendix C.

Type II System with One Reaction. Consider a system of
components A, B, and C with the following reaction:

A+Be(C, (10)

where C is partially miscible with both 4 and B. The
UNIQUAC parameters for this system are also listed in Table
1. This system also has one degree of freedom in the single-
phase region and no degrees of freedom in the two-phase
region at constant temperature and pressure.

Figure 4a is the phase diagram for this system with K =
10.0. Curves ab and cd arc the phase-equilibrium curves and
curve BefhgA is the reaction-equilibrium curve. The dashes
are the tie lines and the arrows the stoichiometric lines. Points
e, f, h, and g are the points of intersection of the phase and
reaction equilibrium curves. Thus, we have two reactive tie
lines ef and gh. Stoichiometric lines through the end points
of these tie lines form two separate two-phase regions
(shaded) for this system. Within these regions, the system
splits into two phases corresponding to the end points of the
reactive tie line in that region. Outside these regions, the sys-

0 e f h g !
€} —— ©
B C A
_XptXc
A 1+x,
(b)

Figure 4. Phase diagrams for A+ B < C (K=10.0).
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tem is in single phase and the equilibrium compositions would
lie on sections Be, fh, or g4 of the equilibrium curve.

Using C as the reference component, the transformed co-
ordinates are

X4+ X¢
X,=—=—= (11)
1+ x¢
_fst ¥ (12)
B 14 x.

The phase diagram in these coordinates is shown in Figure
4b. Point X, = () corresponds to pure B, point X, =1 corre-
sponds to pure A4, and point X, = 0.5 corresponds to pure C
as well as to the equilibrium mixture of 4, B, and C. Re-
gions ef and gh are the two two-phase regions. Any initial
composition within each of these regions would give rise to
two phases with compositions corresponding to the end points
of that region. Again, the lever rule in terms of transformed
coordinates should be used for this phase diagram for deter-
mining the relative amounts of each phase.

Four-component systems

Figure 5 shows various types of quaternary liquid-liquid
phase diagrams (Sorenson and Arlt, 1979; Prausnitz et al.,
1980). Here we consider the three most common types: type
1, type 1I, and type III, with one, two, and three partially
miscible pairs, respectively.

Four Component Systems with One Reaction. Consider a
quaternary system of components 4, B, C, and D with the
reaction

B+Ce D. (13)
D D
A AR N 1=
I
C C
Typel Type Il
D

Type 111

Figure 5. Types of quaternary liquid-liquid equilibria.
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Table 2. Thermodynamic Parameters for Four Component
Systems

Temperature = 298.15 K Pressure =1 atm

UNIQUAC Equation Parameters
Pure-Component Parameters for Type I System (Figure 6)

Component r q
A (1) 2.2024 2.072
B (2) 3.4543 3.052
C (3) 3.1878 2.400
D(4) 2.4088 2.248

Binary Interaction Parameters (K) for Type I System
a(1,1)=0.0 a(1,2)=-277.29 a(1,3)=56.488  a(1,4)=—-229.71
a(2,1)=157.60  a(2,2)=0.0 a(2,3)=17.119  a(2,4)= -25.154
a(3,)=41.146  a(3,2)=154.55 a(3,3)=0.0 a(3,4)=649.05
a(4,1)=121.11 a(4,2)=7.4068 a(4,3)=113.53 a(4,4)=0.0

Pure-Component Parameters for Type II System (Figure 7)

Component r q
A1) 4.0464 3.240
B(2) 2.8768 2612
C3) 3.9228 2.968
D4 0.9200 1.400

Binary Interaction Parameters (K) for Type II System
a(1,1)=0.0 a(1,2)=241.71  oa(1,3)=—127.86 a(1,4)=1247.3
a(2,1)= —89.784 a(2,2)=0.0 a(2,3)=—-160.03 a(2,4)=295.53
a(3,1)=187.68 a(3,2)=165.64 a(3,3)=0.0 a(3,4)=950.60
a(4,1)=54036  a(4,2)=—140.02 a(4,3)=350.21 a(4,4)=0.0

Pure Component Parameters for Type III System (Figure 8)

Component r q
A 3.9228 2.968
B(2) 51742 4.396
C (3) 2.5445 2.264
D(4) 8.3279 7.600

Binary Interaction Parameters (K) for Type III System

a(1,1)=0.0 a(1,2)=167.10  a(1,3)=43.639  a(1,4)=30.143
a(2,1)=—70.699 a(2,2)=0.0 a(2,3)=11139  a(2,4)=14.554
a(3,1)=46.479 a(3,2)=10249 a(3,3)=0.0 a(3,4)=17.522
a(4,1)=231.75 a(4,2)=130.11 a(4,3)=581.46 a(4,4)=0.0

Source: From Sorenson and Arlt, 1979.

We consider D to be partially miscible with C for a type I
system, partially miscible with 4 and C for a type 1I system,
and partially miscible with A4, B, and C for a type III system.
The UNIQUAC parameters used for each of these systems
are listed in Table 2.

The isobaric, isothermal phase diagram for a quaternary
system can be plotted as a regular tetrahedron in mole-frac-
tion coordinates. The solutions to the reaction-equilibrium
equations, Eqs. 3 and 6, and the phase-equilibrium equa-
tions, Egs. 5 and 6, will lie on surfaces within this tetrahe-
dron. If the reaction and phase equilibrium surfaces do not
intersect, the system will always be in single phase and the
equilibrium composition of the system will lie on the reac-
tion-equilibrium surface. If the two surfaces intersect, the re-
gion of intersection gives the compositions where the system
splits into two phases at equilibrium. Since the system has
4(c)=-2(p)—1(r)=1 degree of freedom under these condi-
tions, this region is a curve. In the rest of the composition
space, the system will be in single phase with compositions
lying on the reaction-equilibrium surface.
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Plotting the phase- and reaction-equilibrium surfaces and
identifying the compositions that satisfy both phase and reac-
tion equilibrium is difficult using mole-fraction coordinates.
We can considerably simplify the task by using the trans-
formed coordinates. Using D as a reference component, the
transformed coordinates are

X4

X, = 14)
A 1+xp (
_tstip (15)
BT 1+ x,
_Xetxp (16)
€ a4y

The phase diagram can be plotted in two dimensions, as only
two of these coordinates are independent.

Figure 6a shows the curve (curve apb) of intersection of
the phase and the reaction equilibrium surfaces for the type I
system. The dashed lines are tie lines. Points 4 and b lie on
the BCD surface, whereas point p lies within the tetrahe-
dron. For this system, the phase diagram in terms of trans-
formed coordinates X, and X, is shown in Figure 6b. The
vertices correspond to pure components A, B, and C as
marked in the figure. The point X, =0, X,;=0.5 corre-
sponds to pure D as well as to an equilibrium mixture of B,

(@)

A-B: miscible

A-C: miscible
A-D: miscible
B-C: muscible
B-D: miscible

C-D: partially miscible

(b)

C, and D. The region bounded by line ab and the curve apb
represents the two-phase region. Reactive tie lines within this
region are shown as dashed lines. Any initial composition
within this region would split into two phases with composi-
tions corresponding to the end points of tie lines passing
through it. The relative amounts of each phase can be deter-
mined using the lever rule in transformed coordinates. It
should be noted that the plait point p of the reactive phase
diagram does not necessarily correspond to the plait point of
the phase-equilibrium surface, which is not shown here.
Figures 7a and 7b are similar plots for the type II system.
Again, the region apba on Figure 7b represents the two-phase
region. Figures 8a and 8b are similar plots for the type III
system. In this case D is partially miscible with the rest of the
components. The intersection of the phase- and the
reaction-equilibrium surfaces is in the form of two curves, ab
and cd, connected by tie lines as shown in Figure 8a. Points
a, b, ¢, and d all lie on the BCD surface. The two-phase
region on the transformed coordinate diagram takes the form
of a bandlike region bounded by curves ac and bd. This type
of phase behavior can be utilized effectively for separation of
hard-to-separate impurities from product streams.

Synthesis of Reactive Extraction Processes

In many processes, extractive reaction can be used as a
useful alternative for improvement in yield of a desired prod-

C))

Binary Pair Miscibility

A-B: miscible
A-C: miscible
A-D: partially miscible
B-C: miscible

B-D: miscible (b)

X : C-D: partially miscible

Figure 6. Phase diagrams for B+ C < D with an inert A:
type | system.
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Figure 7. Phase diagrams for B + C <~ D with an inert
A: type 1l system.
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Binary Pair Miscibility

. N A-B: miscible

A-C: miscible
06 - A-D: partially miscible
B-C: miscible
X B-D: partially miscible
A C-D: partially miscible
04 4 (b)
i
02 =
0.0 ﬂd Poa s C
0.0 0.2 0.4 0.6 0.8 1.0
C D B
X

Figure 8. Phase diagrams for B + C <> D with an inert A:
type Ill system.

uct, selectivity to a desired product, and ease of separation.
In this section, we demonstrate the use of the reactive phase
diagrams for synthesizing extractive reaction processes that
meet these objectives. The examples presented are based on
realistic thermodynamic parameters.

Processes for Improvement in Yield

Reactive extraction processes can be synthesized for im-
proving the yield of a desired product, defined as

i Amount of desired product produced
Yield = , amn
Amount of reactant fed to the reactor

in many reactive systems. The yield as defined here is the
per-pass yield. The overall yield from both the single-phase
and the extractive-reaction processes will always be 100% if
all the unconverted reactants are recycled without any loss.
Low per-pass yicld from a single-phase process implies large
loads on the separation system and large recycle flows. Using
an extractive reaction we increase the per-pass yield consid-
erably, thus decreasing the recycle of unconverted reactants.
But extractive reaction processes also involve recovery and
recycle of an inert solvent. However, a judicious choice of
solvent can keep this recycle flow low. Improvement in per-
pass yield becomes especially significant when reactants are

AIChE Journal

lost through purge or waste streams, as is usually the case
with many industrial processes.

Example I: Use of Solvent to Extract the Desired Product.
Yield of the desired product can be substantially improved by
employing a solvent that is completely miscible with it and
partially miscible with other reactants and products. In this
case, extraction of the desired product into the solvent-rich
phase pushes the reaction equilibrium to the right, thus in-
creasing the yield.

Consider a system with reaction:

A< B, (18)

Solvent I is completely miscible with B but partially miscible
with A. Figure 9 shows the phase diagram in mole-fraction
coordinates for this system. The solid line passing through
plait point P is the phase envelope and the dotted line
through points E and R is the reaction equilibrium curve.
The shaded region represents the two-phase region in the
presence of the reaction. It is bounded by the horizontal stoi-
chiometric lines through points E and R. Any feed composi-
tion within this region would split into two phases with com-
positions corresponding to points E and R. The solvent-rich
phase is termed as the extract (E) and the solvent-lean phase
as the raffinate (R).

Point (e) represents the reactor effluent composition if we
operate the system without adding solvent /. If we choose
solvent I such that 4 and [ are highly immiscible and the tie
lines slope toward A, the extract (E) is much richer in B
than point (e). We can take advantage of this feature to de-
sign a process for improving the yield of B.

Figure 9. Improvement in yield: flowsheet and phase di-
agram for Example I.
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Table 3. Degrees of Freedom for Examples I to V

Examples

Tand II HI v A\
No of components (¢) 3 4 5 5
No. of reactions (r) 1 1 2 2
No. of stages 1 N N N
No. of streams (s) 7 ZN+9 2N +11 IN+9
No. of variables 28 10N +46 12N +67 12N +55
No. of equations 21 10N +28 12N +40 12N +33
Deg. of freedom 7 18 27 22

Flow rate of (B)
Composition of (B)

Variables specified

(C), and (1)
Composition of (F)
Mole fraction of B in (3)

Flow rate of (B)
Compositions of (A), (B),

Mole fraction of [ in (2)

Moie fraction of C in (3)
Mole fraction of B in (1)
Mole fraction of B in (R)

Flow rate of (B)
Compositions of ( 4), (B), (C),
(D), and (1)

Flow rate of (B)
Compositions of ( A4), (B),
(C), and (1)

Mole fraction of D in (2)
Mole fraction of 7 in (3)

Mole fraction of C in (4)
Mole fraction of B in (1)
Mole fraction of B in (R)

Mole fraction of / in (2)

Mole fraction of C in (3)
Mole fraction of B in (1)
Mole fraction of B in (R)

Design Variable Flow rate of (R)

Mole fraction of B in (E)

Mole fraction of B in (E) Mole fraction of B in (E)

Figure 9 also shows a flow sheet for such a process. Stream
numbers on the flow sheet and the points on the phase dia-
gram correspond to one another. The feed (F, pure A) is
combined with the raffinate (R) from the reactor RE and
recycle stream (3) from the separator S1 to make stream (2).
This stream forms the feed to the reactor. As (2) lies within
the shaded region, the reactor effluent comprises the extract
(E) and the raffinate (R) streams. The raffinate is recycled
and the extract is sent to S1 where pure B is separated. Con-
ceptually, this flow sheet is similar to the continuously stirred
decanting reactor discussed by Harold et al. (1996).

The degrees-of-freedom analysis for the flow sheet is sum-
marized in Table 3. Three degrees of freedom are specified
by fixing the composition and production rate of strecam (B),
two by fixing composition of feed (F), and one by specifying
complete separation of B in S1; that is, no B in stream (3).
The remaining degree of freedom can be specified by fixing
flow rate of raffinate (R).

The yield from the process is influenced by the choice of
raffinate flow rate. Figure 10 shows percentage yield of B as
a function of raffinate flow rate. Feed composition (point 2)
approaches point 2’ as R tends to zero. As R decreases to-
ward zero, the amounts of 4 and B being recycled through
the raffinate stream decrease and tend to zero. Thus the yield
of B tends to a maximum value that depends on the equilib-
rium phase behavior of the system (location of point £). For
this example, as E lies extremely close to the /- B edge, A4
in the feed stream is almost completely consumed. However,
as R decreases, the solvent flow rate increases. The opera-
tion at vanishingly low values of R is not practical due to the
prohibitively high amounts of solvent needed and due to the
kinetic and transport limitations. In some cases, high yield
can also be obtained by operating in the single-phase region
above the line 2'E. However, prohibitively high amounts of
solvent / may be needed to operate in this region. Thus this
option may not offer any significant advantage.

Example II: Use of Solvent Miscible with Reactants and Prod-
ucts. When phase separation already exists in the reaction
mixture, yield of a desired product can be improved by the
addition of a solvent completely miscible with the reactants
and products. Consider the following system where B is the
desired product:

1370 June 1998 Vol. 44, No. 6

Ao B. (19)

Reactant A and product B are partially miscible. Hence at
fixed temperature and pressure the system has 2(c)— 1{r)— p
= (1~ p) degrees of freedom. Thus at equilibrium the system
will always be in single phase. Figure 11a shows the phase
diagram for this two-component system. Equilibrium compo-
sitions would lie on sections Aa and bB, depending on the
value of the equilibrium constant K. The two-phase region
ab is infeasible. If we arc constrained to operate at a fixed
temperature and pressure and if the value of K under these
constraints is such that the equilibrivm composition lies in
the region Aa, the yield of B is very poor. For improvement
in yield, it is desirable to cross over to the other side of the
two-phase region. This can be done by adding solvent / mis-
cible with both 4 and B, thus providing the system with one
more degree of freedom at constant temperature and pres-
sure.

100 -
80 -
m - q
= 60 - :
© -
3 r
)
b - -
e 40 + g
20 ~
Yield of B from Single Phase Process = 21.364 %
0 P R RS S e J—
0.0 0.2 0.4 0.6 08 1.0

Raffinate Flow (R)/Extract Flow (E)

Figure 10. Yield of B as a function of raffinate flow rate
for Example I.
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Figure 11. Use of solvent miscible with reactants and
products for improvement in yield.

Figure 11b shows the phase envelope aPb for the three-
component system. Each point on the branch aP is con-
nected to a point on branch Pb by a tie line, and this pair has
a value of K associated with it. We can cross over to the
other side of the phase envelope if the reaction equilibrium
curve starting at any point along Aa intersects the branch
aP. This will happen if and only if K corresponding to this
point lies within the range spanned by K values on aP. Care
should be taken in choosing a solvent to ensure that this in-
deed is the case. This is illustrated in Figure 11b, which shows
the reaction equilibrium curves starting from points ¢ and d
corresponding to different values of K. The value of K at
point ¢ does not lie within the range of K values on aP,
while the value of K at point d lies within this range. Hence,
addition of solvent [ is not useful when the equilibrium com-
position of the single-phase system corresponds to point c,
but is useful when the equilibrium composition of the single-
phase system corresponds to point d.

A typical phase diagram is shown in Figure 12. The solid
line passing through plait point P is the phase envelope and
line RE is the reactive tie line. The shaded region bounded
by stoichiometric lines through E and R forms the two-phase
region. The flow sheet used for the previous process can also
be used here, as shown in Figure 12.

As before the raffinate (R) flow rate has to be specified as
a degree of freedom. The improvement in yield as a function

AIChE Journal June 1998

Figure 12. Improvement in yield: flowsheet and phase
diagram for Example Il.

of raffinate flow is shown in Figure 13. In this case, too, the
yield of B tends to a theoretical maximum as R decreases
and tends to zero. For the thermodynamic parameters cho-
sen for this example, this maximum is close to 100%. The
increase in yield with decreasing R should be traded off
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0.0 0.2 04 0.6 08 1.0
Raffinate Flow (R)/Extract Flow (E)

Figure 13. Yield of B as a function of raffinate flow rate
for Example Ii.
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against the increase in solvent flow with a decrease in R.
Compared to less than 1% yield in the single-phase process,
the improvement in yield at all values of R is very significant.

Example III: Use of Solvent Partially Miscible with the De-
sired Product. For multiproduct reactions, the yield of the
desired product can be increased by using a solvent partially
miscible with it and completely miscible with other reactants
and products. For example, consider a reaction:

Ae B+C. 20

Solvent [ is completely miscible with 4 and C, but par-
tially miscible with the desired product B. Using A4 as the
reference component, the transformed coordinates for this
system are

Xg+ X,
= 1
B 1+x, @n
Xetx,
L= —— 22
¢ 1+x, (22)
Xy
X, = . 23
! 1+ x, (23)

Figure 14 shows the phase diagram for this system in trans-
formed coordinates. At constant temperature and pressure,
the system has 4(c) —1(r)—2(p) =1 degree of freedom in the
two-phase region and 4(c)—1(r)—1(p) =2 degrees of free-
dom in the single-phase region. Each region has one more
degree of freedom than the previous examples. Thus we can
use a countercurrent multistage extractive reaction (MSER)
process for this system. The countercurrent MSER cascade is
shown in the inset of Figure 14. All stages in the cascade are
theoretical stages. The liquid phases leaving each stage are
perfectly mixed and are in phase and reaction equilibrium.
Thus their compositions lie on the phase envelope in the
transformed coordinate diagram.

Flowsheet for the MSER process is also shown in Figure
14. The stream numbers on the flowsheet correspond to the
points marked on the phase diagram. Pure B is separated
from the raffinate stream (R) in separator S$1. Stream (1)
from S1 is mixed with I obtained from separator 52 to form
the solvent stream (S). The extract (E), rich in I, is fed to
separator S2 where [ is separated. C is removed from stream
(2) of S2 in separator 3. Stream (3) from S3 is mixed with
fresh reactant A to form the feed (F) to the MSER cascade.

Reaction occurs only in the MSER cascade and not in the
separators 51, S2, and $3. Hence, the material balance lines
joining the feed and effluent streams of the MSER cascade
obey the lever rule in terms of transformed coordinates.
However, as shown in Appendix C, although the material bal-
ance lines for the rest of the flow sheet obey the lever rule in
terms of transformed coordinates, they are constrained by
additional equations. It is for this reason that in the phase
diagram of Figure 14 and in the diagrams to follow, the feed
and effluent streams from MSER cascade are shown by filled
circles and all other streams by open circles.

The degrees-of-freedom analysis for this process is summa-
rized in Table 3. Mole fraction of B in the raffinate phase,
xp g (or equivalently Xj z), is fixed and mole fraction of B in
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Figure 14. Improvement in yield: flowsheet and phase
diagram for Example il.

the extract phase, x , (or equivalently Xy ), is chosen as
the design variable. Figure 15a shows the percentage yield of
B from the process as a function of Xp .. The yield goes
through a maximum as point £ moves toward the plait point
p of the reactive phase envelope. For any chosen Xjp ¢, the
yield from the process is better than its single-phase counter-
part; that is, I is not added. Figure 15b shows the effect of
Xp g on flow rates of the feed and effluent streams to the
cascade and on the number of theoretical stages needed. As
expected, a trade-off is observed between the flows and the
theoretical stage requirement. For low values of X ., a small
number of stages are required, but the flows increase very
sharply. For higher values of Xj ., the flows are smaller, but
the stage requirement increases sharply.

Processes for Improvement in Selectivity

In systems with multiple reactions, extractive reaction can
be used to improve the selectivity to a desired product. The
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Figure 15. (a) Yield of B as a function of extract compo-
sition for Example llI; (b) trade-off between
process flows and stage requirement for Ex-
ample HL

selectivity to the desired product is parametrized by the
product distribution as

Amount of desired product produced
Product distribution =

Amount of reactant consumed
(24)

Example 1V: Series or Parallel Reactions.
tem with reactions in parallel:

Consider a sys-

Ao B+C (25)
Ao D,

or with reactions in series:
Ao B+Ce D, (26)

AIChE Journal
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As we are concerned with the equilibrium analysis only,
Egs. 25 and 26 are equivalent. Both the reaction schemes can
be represented by either of the two equations. However, it
should be noted that Egs. 25 and 26 are not equivalent when
we consider the effect of reaction kinetics and transport on
the equilibrium analysis. In both cases, the selectivity to the
desired product B is parametrized by the product distribu-
tion as

. Total B produced
Product distribution = ——m8m8 ————— | 2N
Total A reacted

Solvent I, completely miscible with components 4, C, and
D but partially miscible with B, can be used. The phase dia-
gram for this five-component system is shown in Figure 16.

Figure 16. Improvement in selectivity: series and paral-
lel reactions: flowsheet and phase diagram
for Example IV.
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With 4 and D as the reference components, the trans-
formed coordinates are

Xpt+x,+xp

= 28
B 1+x,+xp, 28)
_fetxatip 29)
1+ x,+xp
x
X,=——1—. (30)
1+x,+xp

The system, at constant temperature and pressure, has 5(c)
—2(r)—2(p) =1 degree of freedom in the two-phase region
and 5(c)—2(r)—1(p) = 2 degrees of freedom in the single-
phase region. Thus as shown in the flow sheet in Figure 16,
the countercurrent MSER cascade can be used for this sys-
tem. The streams in the flow sheet are identified by open and
filled circles on the phase diagram. The flow sheet is similar
to the one used in the previous example except the separa-
tion sequence for the extract stream (E). D is separated from
the extract (E) in separator S2. Stream (2) from S2 is sent to
separator S3 where [ is removed and then combined with
stream (1) to make the solvent stream (S). Separator 54 re-
moves product C from stream (3). Stream (4) is combined
with reactant A4 to form the feed (F).

The degrees-of-freedom analysis for this flowsheet is simi-
lar to Example III (Table 3). The composition of B in the
extract phase (x5 ; or Xj ;) is chosen as the design variable.
As shown in Figure 17, the product distribution becomes more
and more favorable as X}, ;. increases toward the plait point
p. For all values of Xp 1, the product distribution is superior
to that obtained from a single-phase process. It should be
noted that a trade-off in the stream flows to the MSER cas-
cade, and the theoretical stage requirement, similar to the
previous example, is also observed in this case.

0.65 L L T 1
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0.60 |-
;
]
=] L B
2 0855 .
2 I ]
e :
5 i
2 [ :
A 0.50 3 ]
I3} 3
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ay 3 i
: ]
0.40 Product Distribution from 4
Single Phase Process = 0.3824 i
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0.00 0.05 0.10 0.15 0.20
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Figure 17. Product distribution as a function of extract
composition for Example IV.
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Figure 18. Improvement in selectivity: series-parallel
reactions: flowsheet and phase diagram for
Example V.

Example V: Series-Parallel Reactions. Consider a series-

parallel reaction scheme:

2AeB+C
A+Be2D. (31)

The product distribution for this scheme is given by Eq. 27.
Similar to the previous case, a solvent [ partially miscible
with B only can be successfully used to increase the product
distribution. The flow sheet for this process and the corre-
sponding phase diagram is shown in Figure 18. The trans-
formed coordinates for this system are

1 3
XB=XB+—2"XA+ZXD (32)

AIChE Journal



1 1
XC‘=XC+EXA+ZXD (33)

X, =x,, (34)

with 4 and D as reference components. The flowsheet is
similar to the one used in Example 1I1. The degrees-of-free-
dom analysis for the flow sheet is summarized in Table 3. For
this system, the product distribution has a constant value of
0.5 for all valucs of the design variable Xp . This value is
much superior to the value of 0.3862 obtainable from a sin-
gle-phase process. The trade-off between MSER flows and
the number of theoretical stages is also observed in this case.
For the parameters chosen, however, the increase in the
number of theoretical stages is not very sharp. Hence operat-
ing at a high value of Xj , near the plait point p may be
advantageous.

Separation Processes Using Reactive Extraction

Example VI: Use of Reactive Extraction to Separate Hard-to-
Separate Impurities. Consider a system comprising compo-
nents A and B, where A is the desired compound and B is

Xy
make-up C
S 3
C
E

. L S1 S2

| RE

_—1 2

R D

Figure 19. Reactive extraction for separation of hard-
to-separate impurities: flowsheet and phase
diagram for Example VI.
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an impurity, which is extremely difficult to separate using tra-
ditional separation techniques. The separation task can be
considerably simplified by converting B to some other com-
pound that can be easily separated by using conventional
techniques. This can be achieved by adding a solvent C that
reacts with B as follows:

B+Ceo D. (35)

Both C and D can easily be separated from A4. The sepa-
ration can be further improved if we choose C such that the
reaction product D is partially miscible with A, B, and C.
Based on this idea, a flow sheet for purification of a stream
containing 4 and B is shown in Figure 19. The figure also
shows the corresponding phase diagram. The phase diagram
was generated using the thermodynamic parameters for a type
IIT four-component system listed in Table 2. The trans-
formed mole fractions for the system are given by Egs. 14, 15,
and 16.

The feed (F), composed of 4 and impurity B, is combined
with solvent C to form stream (1), which is fed to the reactive
extractor (RE). As point 1 lies within the reactive phase enve-
lope, the effluent comprises an extract stream (E) and a raf-
finate stream (R) corresponding to the end points of the
reactive tie line passing through point 1. The extract stream,
which is essentially a mixture of 4 and C with trace B and
D, is sent to separator S1, where C is separated and sent
back. D is removed from stream (2) to obtain the product
stream (3), which contains much less B than the feed stream.
The raffinate (R) and stream D can be treated as byproduct
or waste streams. Make-up for solvent C is needed, as some
C is lost through the raffinate stream.

Figure 20 shows the variation of product purity with the
solvent flow rate. In this case, the product purity goes through
a maximum as the solvent to feed (C/F) ratio is increased.
Thus there is an upper limit on the amount of impurity that
can be removed, and this limit corresponds to an optimum
solvent to feed ratio. It should be noted that beyond this op-

100 LA A B S LI SR L B
95

go; -

Mole % A in Product Stream

85 b

Mole % A in Feed = 80%

80 L I | ; a1
0 2 4 <] 8 10 12 14 16

Solvent Flow (C)/Feed Flow (F)

Figure 20. Product purity as a function of solvent fiow
rate for Example Vi.
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Figure 21. (a) Extract (product) and raffinate (waste)
flow rates as a function of solvent flow rate
for Example VI; (b) solvent (C) and reagent
(A) wasted through the raffinate stream as a
function of solvent flow rate for Example VI.

timum solvent to feed ratio. It should be noted that beyond
this optimum solvent to feed ratio, the addition of more sol-
vent does not give improved separation. Figure 21a shows the
extract (E) and raffinate (R) flows as a function of the C/F
ratio. Extract flow goes through a minimum and the raffinate
flow goes through a maximum as C/F is increased. The mini-
mum and maximum occur at the optimum C/F ratio. Figure
21b shows the amounts of C and 4 wasted through the raffi-
nate stream. In general, amounts of 4 and C wasted de-
crease beyond the optimum C/F ratio. Thus, a trade-off be-
tween improved separation and increased loss of A4 and sol-
vent C is observed on both sides of the optimum C/F ratio.
Below the optimum, the addition of solvent improves the
separation, but results in increased loss of 4 and C. Above
the optimum, the addition of solvent decreases the loss of A4
and C, but does not improve the product purity.

Example VII: Reactive Extraction as an Alternative Process to
Conventional Extraction. In some cases where one or more
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MSE

Figure 22. Conventional process flowsheet for reaction
and separation by extraction.

reactants and products of a process are separated by conven-
tional liquid-liquid extraction, reactive extraction offers an
attractive process alternative by combining the reaction and
extraction steps in the process. Consider the reaction

Ao B+C, (36)

where C is the desired product. For low conversions of A4, it
is necessary to separate and recycle unreacted 4. If 4 and
byproduct B are close boilers, liquid-liquid extraction can be
used to separate B and A. The flow sheet for such a process
is shown in Figure 22. C is separated from the reactor efflu-
ent in column S1. Solvent 7 partially miscible with A4 is used
to extract B from stream (2) in a multistage extractor (MSE).
The raffinate stream (R) is mostly 4 and is sent back to the
reactor. The extract (E) is sent to the solvent recovery col-
umn $2, where solvent [ is separated and recycled to the
MSE.

We can combine the reaction and extraction operations by
using an MSER cascade, which employs a solvent that is par-
tially miscible with B. The flow sheet for such a process is
shown in Figure 23. The phase diagram for the system is also
shown in the figure. MSER cascade is operated within the
two-phase region such that the raffinate stream (R) is com-
posed mostly of B. Solvent [ is separated from the extract
stream (E) in separator S1 and is fed back to the MSER.
Product C is removed from stream (1) in separator §2, and
stream (2) is mixed with fresh reactant A to form the feed
stream to the MSER. As shown earlier in Example II1, with a
proper choice of solvent I, this flow sheet can also be effec-
tively used to improve the per-pass yield of product C.

Conclusions

This article examines the use of reactive two-phase
liquid-liquid systems for performing simultaneous reaction
and separation. Such systems can be obtained either by delib-
erate addition of an immiscible liquid phase or can occur due
to the formation of a byproduct that is partially miscible with
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Figure 23. Reactive extraction as an alternative to con-
ventional process; flowsheet and phase dia-
gram.

the reactants, such as water in an organic reaction. The ob-
jective of this article is to provide a more systematic ap-
proach based on equilibrium thermodynamic analysis for syn-
thesizing process flow sheets that can more fully exploit the
potential benefits of these systems.

An important component of this procedure is the calcula-
tion and representation of multicomponent reactive
liquid-liquid phase diagrams. It is illustrated with several ex-
amples of three- and four-component systems. The phase di-
agrams are plotted in mole-fraction coordinates or trans-
formed mole-fraction coordinates. The latter is one of the
methods for projecting high dimensional phase diagrams onto
a lower dimensional space; see Dye and Ng (1995), and Berry
and Ng (1996) for other related techniques. Use of trans-
formed mole fractions eliminates the restriction on visualiza-
tion of phase behavior for systems with more than three com-
ponents. A point on the transformed coordinate phase dia-

AIChE Journal

gram represents a unique composition that satisfies both
phase and reaction equilibrium. However, for process synthe-
sis we have to represent compositions that do not satisfy re-
action equilibrium and material balances that do not involve
reactions on the transformed phase diagram. As demon-
strated in Appendix C, since the transformed lever rule still
holds for both reactive and nonreactive liquid—-liquid systems,
we can still use a transformed coordinate phase diagram for
synthesizing process flow sheets provided care is exercised in
ensuring the feasibility of the nonreactive moves on the phase
diagram.

Potential improvements in yield, selectivity, and separa-
tions of extractive reaction processes over single-phase proc-
esses are demonstrated with examples. Phase diagrams for
these processes are generated based on realistic thermody-
namic data in the literature. The corresponding process flow
sheets are also provided. We have identified the design vari-
ables using degrees-of-freedom analysis. For some examples
the dependence of the objective function on the design vari-
ables is quantified and process trade-offs are evaluated. The
various features of the phase diagram necessary to achieve
the objectives are also highlighted. For example, improve-
ment in yield or selectivity can be achieved by using a solvent
that is miscible with the desired product relative to other
components (Example I) or immiscible with the desired prod-
uct (Examples III, IV and V). For systems that are restricted
to low per-pass yield due to the presence of an immiscibility
gap, a solvent can be used to provide an additional degree of
freedom. This can be utilized to cross the gap and obtain
substantially higher yield (Example ID. If the liquid-liquid
region has more than one degree of freedom, the use of a
cascade of extractive reactors provides a means for enhanc-
ing reactor performance (Examples II, IV, and V). With suit-
able solvents, extractive reaction can be used for separating
hard-to-separate impurities (Example VI) and as an alterna-
tive to conventional extraction (Example VII).

In addition to providing insights for process development,
this procedure can also be used to help in screening solvents
with desired properties. In general, data for liquid-liquid
phase separation in multicomponent mixtures are not readily
available. Our analysis can be used to determine what data
are needed and the region of composition space where the
experimental efforts should be focused. The performance of
extractive reaction processes discussed in this article is also
often limited by reaction kinetics and mass transfer. Efforts
to include effects of reaction kinetics and mass-transfer limi-
tations are currently underway.
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Appendix A: Definition and Properties of
Transformed Mole-Fraction Coordinates
Definition

Consider a system of r independent reactions among ¢ re-
acting components. The chemical reaction can be repre-
sented as
A, =0

. m=1,2,...,r,

(A1)

v A v, A+t

sm

where A; are the reacting species and v, ,, is the stoichio-
metric coefficient of component { in reaction m. Using vec-
tor-matrix formalism, we define:

(A2)

viT= (vi,lvvi,27 c s U ,)

U%:OT = (”TOT,]s”TOT,zv e UTOT ) (A3)
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where v is the row vector of stoichiometric coefficients of
component i in each reaction and v, is the row vector of
the sum of the stoichiometric coefficients for each reaction.
We choose r reference components and define:

\T
LX) (A4)

Xret = (e rv 1y Xeorinys -
Y,

—r+ 1yt

(AS)

where xp,.s is the column vector composed of the mole frac-
tions of the r reference components and V is the square ma-
trix of stoichiometric coefficients for the r reference compo-
nents in the r reactions. Reference components are chosen
such that the matrix V is invertible. Such a choice is always
possible (Ung and Doherty, 1995a).

The transformed mole-fraction coordinates can now be de-
fined as

Tyl
X =y VT gy

E ——— i=1,2,...,c—r. A6
C 1= vV e (46)
Properties
1. The transformed mole fractions sum to unity
Y X=1 (A7)

2. Transformed mole fractions are reaction invariant:

X =X,(§) Vé i=1,2,....c—r, (AS8)
where £ is the column vector of the r dimensionless extents
of reaction

T
§:(§}7§27 --~s§,) . (A9)
This implies that the transformed coordinates describe the
system as if no reactions were occurring at all. This elimi-
nates the problem of drawing stoichiometric lines for multi-

ple reactions with complex chemistries.

Appendix B: Method for Calculating Phase and
Chemical Equilibrium for Multicomponent
Liquid-Liquid Mixtures with Multiple
Chemical Reactions

Consider a system of ¢ components with r independent
chemical reactions. There are ¢ liquid-liquid phase-equi-
librium equations simultaneously satisfied with » thermody-
namic reaction equilibrium equations:

(7ixi)1=(7ixi)l] i=12, c (B1)
Kp=TT[(d']™"  m=1,2,...r. (B

i=1
AIChE Journal



Superscripts | and I indicate liquid phases I and IL, respec-
tively. Subscript eq. which indicates reaction equilibrium, is
dropped for convenience.

In addition, we have

Y oxl=1 (B3)

Y oxlt=1. (B4)

i=1

If we choose 7 reference components and derive the (¢ — r)
transformed mole fractions for each phase, we can write

/\’,’A————,‘,.— 3 i=1,2,...,c—r—=1 (B5)
= vporV ™ xR

X = e i=1,2,...,c—r—1 (B6)
=i opl " XRer

Y oXxi=1 (B7)
i=1

Y o x=1. (B8)

i=1

If we denote the feed mole fractions and transformed mole

fractions by x/ and X7, respectively, we have

¥ oxl=1 (BY)

P Tl F
X = VT X

Fo - -
X' = T+ " i=1,2, ...
1— V 'x

YToT Ref

,c—r—1 (B1®)
(B11)

The lever rule is obeyed in the transformed coordinates as
shown in Appendix C. Hence we can also write:

oX! + (1= )X =XxF i=1,2,...,c—r—1, (Bl2)
where 0 < ¢ < 1 and ¢ is the fraction of phase I in the mix-
ture at phase and reaction equilibrium.

Therefore, the total number of equations is 5¢ —3r +2.
These equations contain the following 6¢ —3r + 3 variables,
xLox" o xf X! XU X ¢, T,and P. Hence at fixed temper-
ature (T) and pressure (P), we have (¢ —1) degrees of free-
dom for this set of equations. The algorithm for solving this
set is described below. This algorithm is not claimed to be
the most efficient method.

Algorithm
(1) Fix 7" and P.
Fix (¢ — 1) degrees of freedom as follows:
Fix ¢ ~r -1 transformed feed mole fractions XF, i=1, 2,
,e—r—1
Fix r feed mole fractions of the reference components x/,
i=c—r+1, ..,c(e, xhy).
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(2) Set all liquid phase activity coefficients to unity.
yil———'y,-n=l i=1.2 ...,c

(3) Caiculate the last transformed feed mole fraction,
X7? ., using Eq. B11.
Calculate the feed mole fractions xf,i=1, 2, ...
ing Egs. BY, B10, and x%.;.

(4) Pick an initial guess for the following (¢ + r) variables:
xhi=L2 ... ,e—LxMNi=c—r+1, ... ,c(e., xf,); and

¢

.C—F, us-

(5) Calculate x! using Eq. B3.
Calculate X/, i=1,2, ... ,c —r using Eqs. BS and B7.
Calculate X", i=1,2, ... ,c —r using Egs. B8 and B12.

Calculate x/1,i=1,2, ... ,c —r using Eqs. B4 and B6 and
i
X Ref-

(6) Calculate the liquid-phase activity coefficients for both
phases. We have used the UNIQUAC equation for this step.
Any thermodynamically consistent model can be used in its
place.

(D Calcculate the following functions:

F(m)= B [(y,x)'Pm — K, (T)

i
Fn)=Cy,_x,_ M=y, _,x,. M n=r+1Lr+2,....ct+r
which determine F, a column vector of residuals of dimen-
sion (¢ + 7).

(8) If | F| > € (a vector of set tolerances), then go to step
(4) and simultaneously update the values for the guesses. For
this step, we use Newton’s method with a finite difference
approximation to the Jacobian. Otherwise STOP. The cur-
rent values for x!, ', X!, X", and ¢ represent the solution
to the problem at the given T and P. Care is taken to ensure
that the values of x', x, and ¢ lic between zero and one.

m=12,...,r

Appendix C: Representation of Material Balances
with or without Reactions in Transformed
Coordinates

Material balance with reactions

Consider a system of ¢ components with r independent
reactions. Let the feed flow rate to the system be F and the
flow rates of the two product streams be E and R. We can
write the material balance equations as

Fz;=Ex,+ Ry, —vle i=1,2,....¢, (C1)
where z;, x;, and y; are mole fractions of component i in the
feed and the two product streams, respectively, and € =
(€, €, ... , )7 is the column vector of » molar extents of

reaction. By choosing r reference components, we can split
Eq. C1 as

F2ges = EXger + Rypes — Ve (C2)
Fz,= Fx,+ Ry, - vle i=1,2, ...,c—r—1 (C3)
F=E+R—vl e, (C4)

where Zgo, Xger, and yge; are column vectors of reference
component mole fractions for the feed and the two product
streams, respectively.

Eliminating € from Eqgs. C3 and C4 by using Eq. C2 and
rearranging, we get
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F(z; = vV 2ger) = ECx, =0V lxg )+ ROy — vV Ly )

i=1,2,...,c—r—1 (C5)
F(1=viorV 'zge) = EQ — viopV lxgy)

+ R0 = vigrV 'yre). (CO)

We now define the transformed flow rates as

F=F(1—vlorV '2pe) (o7))
E=EQ-vloV "xge) (C8)
R=RO— vl V Yye) (C9)

and rewrite Egs. C5 and C6 as
FZ,=EX,+RY, i=1,2,...,c—r—1 (C10)
F=E+R. (C11)

Equations C10 and C11 completely represent the material
balance for this system. Using Egs. C10 and C11, the ratio of
the transformed flow rates of the two product phases can be
written as

(C12)

o NEN

Equation C12 is the lever rule in terms of transformed co-
ordinates. It has the same functional form as the lever rule in
terms of mole fractions for nonreactive mixtures.

Material balance without reactions

For the same system of ¢ components, the material-bal-
ance equations in the absence of any reactions can be written
as

Fz;=Ex; + Ry, i=12, ...,c. (C13)

By choosing the same r reference components, we can split

these equations as

Frpes = Exger + Ryger (c14)
Fz,= Fx,+ Ry, i=1,2,...,c—r—1 (C15)
F=FE+R. (C16)

From the definition of the transformed coordinates, we
have

z;=Z,(1= viorV ™ 'Zet) + 0V '2ges (c1n
%= X1~ viorV ™ "aper) + 0V lap (C18)
i =Yi(1= viorV 'yre) + 0TV ypar- (C19)
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Using these equations and the definitions of the trans-
formed flow rates, Eq. C15 can be rewritten as

FZ,= EX;+ RY, + v/V" "(Exp + Ryges = Frper)

i=1,2,.. (C20)

,c—r—1.

Equation C16 can also be rewritten as
F=E+R+vioV (Exge + Ryges — Frger)- (C21)

The term inside the parentheses in Egs. C20 and C21 is zero
(Eq. C14). Thus, we get

FZ,=EX,+RY, i=1.2, ... (C22)

,c—r—1

F=E+R. (€23)
These equations are the same as Egs. C10 and C11. Thus,
even in the absence of a reaction the system obeys the lever
rule in terms of transformed coordinates (Eq. C12). However,
in this case the (¢ — ) Egs. C22 and C23 do not describe the
material balance completely. Additional » equations given by
Eq. C14 complete the description. This is due to the fact that
the transformed coordinates correspond, in principle, only to
compositions that satisfy reaction-equilibrium equations.
These additional equations limit the attainable regions for
product compositions that can be obtained from a given feed
composition. This can be better explained with the aid of Fig-
ure C1. Consider a single-phase system comprising four com-
ponents, A, B, C, and D, with the reaction described by Eq.
13. With D as the reference component, the transformed
mole fractions are given by Egs. 14, 15, and 16. Now, in the
absence of the reaction, consider two feed streams F1 and

X

A

Figure C1. Material balances with or without reactions
in transformed coordinates.
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F2 with compositions {x, = 0.25, x5 =0.5, x-=0.25, xp,=
0.0}, and {x, = 0.3, x5 = 0.4, x = 0.1, x, = 0.2}, respectively.
The transformed mole fractions for both streams are {X, =
0.25. Xz =05, X =0.25}. By completely separating B from
stream F1, we can get a product stream corresponding to
point P1 on the nonreactive 4-C edge. However, this is not
possible for stream F2. We can never reach the nonreactive
A-C edge of the phase diagram by removing B from F2, as
F2 contains component D. Complete removal of B can take
us only as far as point P,. Thus, although streams F'1 and F2
correspond to the same point on the transformed coordinate
phase diagram, the product composition attainable by sepa-
ration of stream F2 is limited by Eq. C14.

Often for the synthesis of process flow sheets and screen-
ing of alternatives, we plot the material balance lines on the
transformed coordinate phase diagrams without actually cal-
culating the mole fractions of each stream. By plotting mate-
rial balance lines for separations without reaction, we repre-
sent a (¢ — 1) dimensional system on a (¢ — r — 1) dimensional
phase diagram. Hence, care must be taken to make sure that
the product compositions are attainable by checking whether
the r equations given by Eq. C14 are satisfied.
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