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A simple method was developed to study the feasibility of extractive distillation in a
batch rectifier. By calculating feasible profiles of different column sections and figuring
them in the triangular diagram, the feasibility and limiting values of the most important
operational parameters (number of stages, flow rate of entrainer, and reflux ratio) were
determined for different steps of the batch extractive distillation. The unusual behavior
of extractive distillation was also investigated for this process. An infeasible region can
be assigned to the given values of parameters; if the still composition is located within
this region, the specified separation cannot be attained. By locating this infeasible re-
gion, maximum recoveries attainable in a batch rectifier and in a middle vessel column
were compared. The results obtained by this method were verified by pilot-plant experi-
ments for the mixture acetone-methanol + water.

Introduction

Batch distillation is a classical and very important separa-
tion method in the chemical industries. It is applied, among
others, to pharmaceutical and speciality chemical manufac-
turing to recover the components from waste-solvent mix-
tures. These mixtures frequently form azeotropes that cannot
be separated by conventional rectification; that is why for this
purpose a special distillation method must be applied. One
of the most important special methods is the extractive (ho-
moazeotropic) distillation. The continuous extractive distilla-
tion is a well-known, widespread technology in the chemical
industries. However, the batch extractive distillation (BED)
is not used in the industry enough although it can simul-
taneously provide the advantages of both batch and extrac-
tive distillations. When a chemical process is designed, the
most important issue is always feasibility; thus, it is necessary
to assess process feasibility before making the design specifi-
cations. Feasibility studies also contribute to the better
understanding of complex unit operations such as the batch
extractive distillation.

Bernot et al. (1990, 1991) studied the patterns of composi-
tion change, feasibility and separation sequencing in multi-
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component batch distiilation. In their article, the general
behavior of ternary azeotropic distillation was described in
simple terms based on the nature of the distillate and still
composition changes in the phase plane. Using residue curve
maps, they identified the boundaries and distillation regions
for the batch separation of azeotropic mixtures. They devel-
oped a systematic procedure for assessing the feasibility of
multicomponent azeotropic mixtures in batch rectifiers and
strippers. Using only residue curve maps, the product se-
quences for these mixtures were identified at infinite reflux
(reboil) ratio and at infinite number of stages. They also de-
scribed methods of breaking azeotropes by using a homoge-
neous entrainer. However, they did not investigate the effect
of continuous feeding of the entrainer. The theory of using
residue curve maps for the analysis of batch distillation of
homogeneous mixtures was generalized and extended to sys-
tems with an arbitrary number of components by Ahmad and
Barton (1996).

Safrit et al. (1995, 1997) extended the method of Wahn-
schafft et al. (1992, 1993), suggested for the assessment of the
feasibility of the continuous conventional and extractive dis-
tillation, to batch distillation. They pointed out that in the
case of batch distillation the still and product compositions
change with time, so the basic feasibility analysis covers only
an instant in time. According to these authors, the determi-
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nation of the instantaneous profiles and the regions of the
instantaneous feasible products can be carried out by the ap-
plication of the method used for continuous distillation. The
regions of possible column profiles can be identified for the
specified product compositions. These are bounded by the
total reflux curve (approximated by the residue curve passing
through the product composition) and the product pinch point
curve. According to this method, the triangular diagram can
be divided into feasible and infeasible regions for extractive
distillation. For the determination of these regions, the
graphical method of Wahnschafft et al. (1993) developed for
continuous extractive distillation was suggested. For the as-
sessment of the feasibility of the extractive distillation, they
considered the operation of the extractive section of the col-
umn. For performing the BED, they suggested the use of a
middle vessel column that makes possible the simultaneous
regeneration of the entrainer during the production.

In our earlier articles a basic (R = const.) operational pol-
icy for performing the BED in batch rectifiers was presented
and analyzed by pilot-plant experiments and simulation
(Yatim et al., 1993; Lang et al., 1994). The importance of the
continuous entrainer feeding and of its molar volume was
also demonstrated. In the second phase of the work (Lang
et al., 1995; Lelkes et al., 1997), the basic operational policy
was improved and several further operational policies (e.g.,
xp, 4 = const.) were studied experimentally and by simulation.
By using optimization criteria and introducing an objective
function, these policies were compared. So far the proper
feasibility analysis of the BED process has not been made,
though this could provide useful information [e.g., Ny, Romins
(F/V) min) when designing BED separations. The goal of this
article is to present a method for assessing the feasibility of
this process.

Feasibility Methods for Multicomponent Batch
Distillation

Batch distillation of ternary mixtures

In the case of sufficiently large reflux ratio (R) and num-
ber of theoretical stages (N) the liquid composition profiles
in the column follow the simple distillation residue curves, so
the instantaneous distillate (x,,) and still compositions (x,)
are on the same residue curve (Bernot et al., 1990). Each still
path follows a straight line determined by the initial still
(charge) composition (x;,) and the distillate composition (un-
stable node) until it reaches either the edge of the triangle or
a simple distillation stable separatrix (Figure 1). Then, the
path follows these limiting curves up to a stable node. On the
basis of these facts, the triangle can be divided into batch
distillation regions for any ternary mixture. In a given region,
the number of fractions and their sequence are characteristic
of this area. This method is shown in Figure 1 and Table 1
where the distillation regions of a ternary mixture having a
residue curve map characteristic of the extractive distillation
are seen. [The binary mixture A-B forms a minimum boiling
point azeotrope; the third component (E) is the heavy en-
trainer. The ternary mixture has a residue curve map 100 by
the classification of Matsuyama and Nishimura (1977) and
Doherty and Perkins (1979).]

It can be concluded from the results of Table 1 that the
extractive distillation cannot be efficiently performed in batch
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Figure 1. Still path and distillation regions for a mixture
with residue curve map 100 in the case of high
number of stages and reflux ratio.

if the entrainer is added to the charge at once before the
beginning of the distillation, since the azeotrope cannot be
broken in this way.

Feasibility of batch extractive distillation by Safrit et al.
(1995)

To assess the feasibility of batch extractive distillation,
Safrit et al. (1995) proposed the graphical method of Wahn-
schafft et al. (1992, 1993) developed for continuous extractive
distillation. In batch distillation the still and product compo-
sitions change with time and thus the basic feasibility analysis
only covers an instant in time. They also described that the
still composition is also a tray composition, therefore, it must
lie on the column profiles just like any other tray composi-
tions. To assess the feasibility of extractive distillation, they
investigated the operation of the extractive section of the col-
umn.

By writing the mass balances for this section (Figure 2) for
the given distillate flow rate (D), entrainer molar flow rate
(F), and molar compositions (xp, z), a A point can be deter-
mined where all operating (mass balance) lines intersect:

Voo +F=L;+D (1)
Viag—-Li=F-D=A 2
Dexp—F-z;

Y= i=1,...,3 3)

Above authors drew tangents to the residue curves from the
point A. The curves formed by these tangent points were

Table 1. Sequence of Fractions for a Mixture with a Residue
Curve Map 100

Distillation No. of Fractions Sequences

I 3 1st cut: A-B azeotrope
2nd cut: B
3rd cut: E

II 3 1st cut: A-B azeotrope
2nd cut: A
3rd cut: E-
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Figure 2. Scheme for writing mass balances for the ex-
tractive section.

named A pinch point curves. They stated that each point of
these curves is a pinch (fixed, stationary) point and the A
pinch point curves with the edges of the triangular diagram
limit regions, in which the extractive section does not work as
required. As a result, the column cannot produce the in-
tended (specified) distillate product (Figure 3).

Infeasible Reglon

Acelone T
565°C it for Extractive Section

Azea(t.v e

555
20.0% Methanol

Unstable Node A Pinch Point

Curves

Water

100.0 °C
Stable Node

Methanol
64.7°C

Figure 3. Feasible and infeasible regions by the method
of Safrit et al. (1995).
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Safrit et al. (1995) state that if the still composition is in
the infeasible region, the extractive section is not able to
maintain the separation acetone/methanol and methanol
appears in the distillate. On the basis of Figure 3 from a
mixture with fixed acetone content (e.g., x,=0.1), a given
composition distillate product can be obtained by extractive
distillation (with the given entrainer flow rate and composi-
tion) if the methanol concentration (x) is high [to the detri-
ment of water content (x,)]. However, this product quality
cannot be reached if the methanol concentration is low. This
conclusion was in contradiction with the result of our experi-
ments and calculations; therefore, we have investigated
whether the regions in the figure are really infeasible regions
or not.

Pilot-plant experiment of batch extractive distillation

We compared the results that were obtained by the feasi-
bility method of Safrit et al. (1995) with the results of our
experiments and calculations for the basic operational policy
(R = const., F = const.). The most important data of the col-
umn are: 32 bubble cap plates, the feed is introduced to stage
7 (stages are numbered from the top), diameter =0.1 m,
reboiler volume = 12 dm?, holdup = 40 cm®/plate.

For the rigorous simulation of the pilot-plant experiment,
the following input data were used. The charge to be sepa-
rated contains 50-50 mol % A and B, respectively. Its volume
is 9 dm>. The heat duty of reboiler Qy, ;= 1.5 kW, P =1.013
bar, the reflux is boiling point liquid, R = 4. The temperature
of the entrainer (pure water) is 70°C, F = 2 dm®/h. The model
has 18 theoretical stages, and the feed stage is the 6th. [The
volumetric holdup (Hj""‘) assumed for a theoretical stage
is then 71 cm? its value for the condenser is 100 cm?]
The specified product purity is: x,, 4 =94%, x5 4 = 2.5%,
Xp w = 3.5%. For describing vapor-liquid equilibrium condi-
tions, the UNIQUAC model was used with the data pub-
lished by Griswold and Buford (1949). The simulation of the
pilot-plant experiment was performed by the Distefano (1968)
method (Yatim et al., 1993).

At first, the A pinch point curves were determined by the
Safrit et al. (1995) method for our data (Lang et al., 1995).
We have found that for the given distillate product composi-
tion and flow rate with the given entrainer flow rate and
composition on a A pinch point curve, maximum two real
pinch points are located. In the case of a real pinch point the
equilibrium composition of vapor (y*) leaving the tray (hav-
ing liquid composition x) is the same as that of vapor (y)
arriving at this tray satisfying the material balances for the
extractive section (Figure 2). For the points of the two curves
obtained by graphical method (A ‘pinch point’ curves), we
determined the equilibrium compositions (y*) and from the
material balances the vapor compositions (y) (see Figure 4).
It can be stated that the y*-curve and the y-curve intersect
only at two points on the lefthand side ‘pinch point’ curve
and that on the righthand side ‘pinch point’ curve the y*-
curve and the y-curve do not meet at all. It must be con-
cluded that if the line through A and x is a tangent to the residue
curve passing through x, this condition is necessary but not suffi-
cient for x being a fixed ( pinch) point, because this does not
necessarily imply the equality of equilibrium and arriving va-
por compositions.

AIChE Journal



~* A 'pnchpant ane
— yare
| TS —— yare

i A Water (E) Acetone (A)

[S—

Figure 4. A ‘pinch point,” y*- and y-curves for the BED.

D = 0.0096 mols; xp=[0.94, 0.025, 0.035} F =0.0278
molss; z =10.0, 0.0, 1.0).

In Figure 5 a column profile calculated for the above ex-
ample is also presented. Although the still composition is al-
ready within the ‘infeasible’ region, the extractive section is
still working well, and methanol has not appeared in the dis-
tillate yet. The evolution of measured and simulated distillate
compositions for the above experiment is shown in Figure 6.
The still composition (x = [0.023,0.229,0.748)]) reached the A
“pinch point’ curve at ¢+ =150 min. In spite of this the distil-
late purity did not decrease significantly for about 20 min-
utes.

Taking these facts into consideration, we can conclude that
the above feasibility method must be revised.

Calculation of Column Profiles for the Batch
Extractive Distillation

Basic steps of the BED

A complete BED process consists of the following basic
steps (Yatim et al., 1993):

1. Operation under total reflux without entrainer feeding.

2. Operation under infinite reflux ratio with entrainer
feeding (purification of the distillate).

3. Operation under finite reflux ratio with entrainer feed-
ing (production of A).

f Water (E) Acetone (A)

Figure 5. Column profile for a pilot-plant experiment.

t =160 min; Az, = 60 min. The extractive profile penetrates
into the ‘infeasible’ region.
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Figure 6. Evolution of the distillate composition for a pi-
lot-plant experiment.

4. Operation under finite reflux ratio without entrainer
feeding (separation of the component B from the entrainer).

Model

The BED is performed under continuous entrainer feeding
in a batch rectifier (Figure 7), containing a total condenser
producing liquid at its boiling point, N stages in the column,
[stages are numbered from the top, feed (saturated liquid)
arrives at stage f] and a still (stage N +1). For preliminary
design and synthesis, when we determine the basic pattern of
the variation in the still, the tray and the distillate composi-
tions with time, it is sufficient to apply a simplified model
(Doherty and Caldarola, 1985). The following simplifying as-
sumptions (see Bernot et al., 1990) were applied:

o Theoretical stages (except for the condenser)

o Negligible holdup (except for the still)

e Constant molar overflow (CMO)

e Quasi-steady state in the column.

Stages above the feed stage form the solvent recovery sec-
tion named rectifying section (RS). The feed stage and the
stages below it (including the still} provide the extractive sec-
tion (ES) of the column.

o
[
=]
[°R
a
=1
173

lrn
—
N
fan)
l¢—o

feed E L A B
—_——y ——] f
T
charge A+B +
still Nt

Figure 7. Batch extractive distillation column.
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Calculation of the concentration profiles

To determine the possible instantaneous concentration
profiles of the two sections, an approximate differential model
was applied (see among others Van Dongeén et al.,1985; Fid-
kowski et al., 1991, 1993) since it makes possible the radical
reduction of the size of the problem and allows direct com-
parison with the simple distillation residue curves.

When a possible profile is calculated, the value of the fol-
lowing parameters will be specified: entrainer and distillate
flow rates and compositions, heat duty in the still (Qy. )
determining the vapor flow rate of the column (V). The
scheme of a stage in the interior of any section of the column
is shown in Figure 8.

For this stage the following material balances can be writ-
ten:

Lx;—x;_ ) =V(y ~y) 4)

With Eq. 4, the liquid composition of the next higher stage
(j —1) can be expressed in the following way:

X =

-1 ’I:(.Yj—.)’j+1)+xj (5)

Taking into consideration that y; is in equilibrium with x;
(y;=y*) and y;,, can be calculated as a function of x; from

the material balances (Figure 2) written around stage j and
the condenser (y;,;=y), x;_, can be computed from x; by

V
xj‘1=z(y*—y)+xj (6)

We can also express the liquid composition x;_; by expand-
ing it as a Taylor series about the liquid composition x,, ne-
glecting the terms higher than first order

X, =x,;t——| -Ah @))]

where Ah=(-D—j=—-1.
Combining Eqgs. 6 and 7 allows us to write

L v

o — g e = e e = e e = —-I

IS yiley

)

: |

1 plate 3 :
|

i i

| ®j1(x) ¥+ () !

St R T

Figure 8. Inner stage of the rectifying or extractive sec-
tion.
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(=¥, (8)

o=

dx;
dh

By this general formula, the profiles for both sections can be
easily determined. Equation 8 clearly shows the driving force
of the mass transfer, namely, the difference between the
composition of the vapor flow and the composition in equilib-
rium with that of the countercurrent liquid (y — y*). By this
differential equation for any initial liquid composition in the
triangle, we can compute the profile where this composition
can be located.

In Eq. 8 the value of V/L and the function y(x) can be
calculated for the different sections by the following formulas

Rectifying section:

v d )
L Vv-D
V=-D)x;+D-xp,;
= . 10
yi % (10)
Extractive section:
14 Vv
—_—— (11)
L V+F-D
WV+F-D)-x;~F-z;+D-xp;
Yi= - (12)

Vv

In the case of total reflux for the rectifying section V/L =1
and y = x, and differential Eq. 8 gives

Y (13)
an Xi — Vi

This equation has a form identical with the simple distillation
residue curve equation. Hence, in the rectifying section, near
the total reflux the composition profiles will practically coin-
cide with some portion of a simple distillation residue curve
passing through this initial point.

Feasibility of the BED Process

In this section the four basic steps of the BED will be in-
vestigated from the point of view of feasibility. We shall con-
sider the separation of a minimum boiling point azeotropic
mixture using a heavy entrainer (acetone-methanol + water as
entrainer) which is the most common application of the ho-
mogeneous azeotropic distillation. The method to be pre-
sented can be easily extended to the extractive distillation of
other types of mixtures (maximum boiling azeotropes and
mixtures with low relative volatility).

Feasibility means that for a mixture (charge) of a given
composition (x_,) a product (distillate) of specified composi-
tion can be reached by BED with the entrainer of a given
composition. The separation will be considered feasible if
there is an instantaneous state of the column, which provides
the required quality product, starting the operation from the
charge of the given composition. This means that the separa-
tion is feasible by BED if at least one point of the still path
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and one point of the rectifying section profile starting from
the specified product can be connected by an extractive pro-
file.

Step 1 has no significance from the point of view of feasi-
bility, it only serves for the heating up of the column. In our
case, at the end of this step the azeotropic composition can
be reached at the top.

Feasibility for Step 2

Step 2 is of key importance from the standpoint of feasibil-
ity, because the product is purified in this step from the
azeotropic composition (breaking of the azeotrope) by con-
tinuous entrainer feeding under infinite reflux ratio. Achiev-
ing the required distillate purity in Step 2 means that the
separation is feasible.

In Step 2 the still path depends only on the composition of
the charge and that of the entrainer feeding since there is no
distillate withdrawal. The variation of the still composition
with time can be calculated from the material balances:

,‘i(_{is_x_sl =4 F.z (14)
dt
where the initial condition x¢(0) = x_,.

The possible still compositions lie on the line connecting
the charge and entrainer compositions. The starting point is
the composition of charge, and then the still composition
moves toward the entrainer composition, which could be
achieved after infinite time. Since the reflux ratio is infinite,
the only possible profile in the rectifying section lies between
the distillate and entrainer vertex on the residue curve pass-
ing through the required distillate composition (Figure 9). In
the majority of the cases this profile runs near the edge of
the triangle.

The necessary and sufficient condition of the feasibility is
to have at least one extractive section profile which connects
the still path with the rectifying profile. For the given F/V
ratio we can determine the possible extractive profiles start-
ing from any still compositions by Eq. 8. This method is pre-
sented in Figure 10 for the data of the above experiment.
The possible extractive profiles cross the rectifying profile,
therefore, the separation is feasible. After meeting the recti-
fying profiles, the extractive profiles, arrive at the extraction
section stable node (SN) located on the AE edge.

Methanol (B)

™
o
i

i

!

|

|

~.

S

IS

~.

|
. )
h |
|
|
|

i Still path
' AN

Specified distillate
composition

Possible rectifying
proﬁle+

Acetone (A)

W ater (E)

Figure 9. Still path and the rectifying profile in Step 2.
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Figure 10. Extractive profiles starting from the still path
in Step 2 for a feasible separation.
F = 0.0278 mol/s, V = 0.048 molss.

More information can be obtained if, similar to the residue
curve map, we draw the possible extractive profiles in the
whole area of the triangle for the given F/V ratio. Figure 11
shows the residue curve map and the map of possible extrac-
tive profiles for the above example and a profile calculated
for the end of Step 2 (R =¢¢, F > 0). We can state that under
this F/V ratio from each point of the triangle the profiles
arrive at the AE edge, therefore in that case there is no in-
feasible region. [However, by the graphical method of Safrit
et al. (1995), the isovolatility curve (a, » = 1) was obtained as
a boundary.]

Figure 11 also shows that the extractive section has two
fixed points (for continuous extractive distillation, see Knapp
et al., 1994): a saddle-point (S,) and a stable node (SN). S,
originates from vertex B whereas SN comes from the
azeotropic point which means that in the limiting case R =,
F =0 these fixed points are located in vertex B and in the
azeotropic point, respectively. On increasing the entrainer
flow rate, both fixed points move toward vertex E. Between
these fixed points there is a separatrix. This separatrix crosses
the boundary of the conventional batch rectification (starting

Methano! (B)

esidue curves
/
I

Possible extractive

. Water (E) Acetone (A)
[

Figure 11. Column profile at the end of Step 2 on the
map of the residue curves and extractive
profiles.

t; = 78 min.
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from the azeotropic point, dashed line), which separates the
two distillation regions and the separatrix reaches the AFE
edge. In this way, the extractive profiles can also cross this
boundary and can arrive at the AE edge, and in the rectify-
ing section only components A and E must be separated.
Hence, separations that cannot be performed by conven-
tional batch rectification can be accomplished by BED. The
computed profiles of the two sections show acceptable agree-
ment with the possible ones; the profile from the still pot up
to the entrainer feed stage follows an extractive profile and
in the rectifying section tray compositions lic on the residue
curve.

The map of the extractive profiles also indicates the com-
ponent that can be obtained in Step 3 as a product. This
depends on the location of the extractive section stable node.
If it lies on the AE edge (or behind it) component A, if it is
on the BE edge (or behind it) component B can be obtained
as top product in Step 3.

One of the most important operational parameters of the
BED is the flow rate of the entrainer under the given heat
duty in the still. In the case of CMO, the constancy of Q. ,
results in a constant vapor flow rate. If the separation is fea-
sible with a particular entrainer flow rate, there must be a
minimum flow rate, since the separation is infeasible under
F =0 as shown in Figure 1. The value of the minimum flow
rate depends on the vapor flow rate and the distillate flow
rate that depends on the reflux ratio besides the composi-
tions of the feed and distillate. If the flow rate of the en-
trainer feeding is below the minimum, then the extractive
section stable node does not lie on or outside the AE edge
but in the interior of the triangle. If SN is located within the
triangle, all possible extractive profiles run into this point, so
the extractive profile cannot reach the AE edge, that is, it
cannot meet an appropriate rectifying profile which would
provide high enough acetone purity. Figure 12 shows two
maps of extractive profiles: in the first case (a) the entrainer
flow rate is higher, whereas in the second (b) it is lower than
the minimum.

To determine the location of SN and the value of the mini-
mum entrainer flow rate, the bifurcation theory approach
(Fidkowski et al., 1991,1993; Knapp and Doherty, 1994) for
continuous extractive distillation could be extended for the
BED. However, for Step 2 if the entrainer is pure, as it is
common, the following simple methods can also be applied.
As it has already been discussed, the necessary condition for
a point to be a fixed one is that the line through A and x be
a tangent to the residue curve passing through composition
x. In our case, R=0 (D=0), z=[0,0,1] (pure entrainer),
therefore A coincides with the entrainer vertex. If x is a po-
tential fixed point, then A, x, y and y* lie on the same line.
Expressing the slope of this straight line in three different
ways yields

xB‘O__)’B_O__)’§‘0

= = 15
=0 y,=0 yi-0 a3
From this equation we get
* *k
¥ _2 (16)
Xp X4
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Figure 12. Map of extractive profiles for entrainer flow
rates above and below the minimum.
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which yields for the value of the relative volatility
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In this case, the curve of the potential pinch points coincides
with the isovolatility curve (a,, 5 = 1). If the flow rate of the
entrainer is reduced, its concentration on the plates of the
extractive section decreases. Therefore, SN moves toward
vertex A until it reaches the isovolatility curve where it en-
ters the interior of the triangle. If F =0, SN coincides with
the azeotropic point. These facts lead us to conclude that the
minimum entrainer flow is the flow rate where (under the
given vapor flow rate) the extractive section stable node is
located in the intersection of the AE edge and the isovolatil-
ity curve.

The minimum entrainer flow rate can be determined based
on two possibilities. If we already know a value of F where
the separation is feasible (F > F,; ), we can iterate F;, be-
tween F and 0. Since each extractive profile must arrive at
SN, it is sufficient to calculate the profiles starting from a
point of the still path (e.g., charge composition) under differ-
ent entrainer flow rates and to choose the entrainer flow rate
where SN has just moved from the AE edge, as shown in
Figure 13a for F,;, = 0.007 mol/s.
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Figure 13. Methods for the determination of the mini-
mum entrainer flow rate.
a. Determination of F,;, by iteration; b. determination of

F.n by the isovolatility curve.

By the second method, the following steps must be carried
out. At first, the isovolatility curve, where the possible stable
nodes lie, is determined (Laroche et al., 1991). For our exam-
ple, the isovolatility curve is shown in Figure 13b. The extrac-
tive profiles for F < F_; | end on the isovolatility curve. In the
second step, we determine the equilibrium composition of the
vapor (y*) at the point of intersection of the AE edge and
the isovolatility curve (xp). If this point is a stable node, which
is the case if F=F,, , then y= y*. Finally, from the value

m
of y F,. is computed by using material balances:

— Velx, = 5%)

min

G-x,) (18)

Being aware of the characteristics of column profiles makes
possible the comparison between the continuous and the
batch extractive distillation operations as for the ‘unusual be-
havior’ of these columns. Among others, Laroche et al. (1992),
Wahnschafft and Westerberg (1993), and Knapp and Do-
herty (1994) described the unusual behavior of the continu-
ous homoazeotropic (extractive distillation) columns, that is,

an increase in the number of trays and/or reflux ratio may
decrease the separation.

If the entrainer flow rate is above the minimum, every con-
tinuous extractive distillation exhibits a maximum feasible re-
flux. In the case of BED when F is greater than F,,, com-
puted for R =, it is obvious that there is no maximum reflux
ratio. Laroche et al. (1992, p. 1315) published a continuous
example (acetone-heptane + toluene) where an increase in the
number of extractive trays resulted in the decrease of the
distillate purity. In the case of BED if F > F_, (under con-
stant heat duty) in Step 2, the extractive section stable node
lies on the AE edge or it is located just outside the edge, its
location depending only on the value of F. It means that if
the number of extractive trays is increased, the composition
of the feed tray (upper tray in the extractive section) ap-
proaches the AE edge and reaches this edge in the case of
infinite number of trays. Hence, in the case of BED, if the
number of trays is appropriate in the rectifying section, by
increasing the number of extractive trays the maximum pu-
rity, which can be reached in Step 2, converges to a maximum
value (Table 2). The specification of a minimum purity on
component 4 means that the corresponding product compo-
sition must lie within a triangle (Xp 4> Xp 4 spec)- For the
specified distillate purity (xp 4 gec = 0.94), under the given
F/V ratio and charge composition, there is a minimum num-
ber of trays in the extractive section, which is necessary for
reaching the residue curve passing through the specified dis-
tillate area (triangle). However there is no maximum number
of trays for the extractive section, since with an increase in
the number of extractive trays the composition of the feed
tray comes closer to the AE edge.

To study the role of the number of the rectifying trays
in Step 2 [under constant heat duty and entrainer flow rate
(F > F,;,)] we assume that the extractive section works effi-
ciently, that is, the number of extractive trays is sufficient and
so the feed stage composition is practically located at SN, In
this case, if the number of rectifying trays is too low, the en-
trainer, if it is too high, the less volatile component will ap-
pear at the top in a concentration too high, respectively. This
can be explained by the shape of the residue curve passing
through the feed stage composition assigning the possible
rectifying profile. If the number of rectifying trays is in-
creased, the top composition moves off the feed stage com-
position toward vertex A4, and then it turns aside and moves
toward the azeotropic point on the residue curve passing
through the feed stage composition. By varying the number
of stages the (highest) purity, which can be reached in Step 2,
has a maximum (Table 3).

There is a minimum number of rectifying trays below which
the specified distillate purity cannot be reached from the feed
stage composition and there is also a maximum number of
rectifying stages above which the rectifying profile on the
residue curve leaves the triangle defined by the specified dis-
tillate purity (Figure 14) and the less volatile component con-
taminates the distillate to such an extent that x, , decreases
below its specified value.

Table 2. Influence of the Number of Extractive Trays onto the Maximum Purity Accessible in Step 2 (Rigorous Model)

Nes 4 6 10

14 18 22 26

0.8918 0.9344 0.967

XD.A.max

0.9732 0.9742 0.9743 0.9743
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Table 3. Influence of the Number of Rectifying Trays onto the Maximum Purity Accessible in Step 2 (Rigorous Model)

Nis 1 2 3 4 5 9 14 19 24
XD 4 max 0.898 0932 0.952 0.965 0.973 0.987 0978 0.886 0.790
Xp.M 0.001 0.001 0.001 0.002 0.003 0.007 0.021 0.114 0.210
Feastibility for Step 3 d(Hg-xg)
o , , 2 L F-D-xp (19)
The basic difference between Steps 2 and 3 is that in the dt

latter there is product withdrawal and the reflux ratio has a
finite value. To assess the feasibility we have to find answers
to the following questions. Is it possible to reach the speci-
fied distillate purity from a particular still composition at all?
Can we perform an instantaneous state of column with these
still and distillate compositions in Step 3? From a particular
still composition the specified distillate purity can be reached
if the extractive profile starting from xy meets the rectifying
profile for the specified distillate composition (x,,) under the
given values of V, F and distillate flow rate (D). To answer
the second question we have to investigate the still path and
decide whether from an instantaneous still composition the
given distillate composition can be reached or not. In this
step the variation of the still composition (xg) can be ex-
pressed by the following differential equation:

04 SNog 0.8 r

a. Nrs< Ngsmin (Nrs=2).

|
|
|
i
|
|
!
!
|

I

04 SNog 08 1

>

b. Nks > Nismax (Nrs=19).

Figure 14. Rectifying profiles at the end of Step 2 when
the number of rectifying trays is not appro-
priate (Xp 4 spec = 0.94, rigorous model).

a. Ngs < Ngs,min (Nrs = 2); b. Npg > Npg max (Ngs =19).
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where the initial condition is defined by the final state of
Step 2.

The direction of the still path is a combination of the
distillate withdrawal and the continuous entrainer feeding
(Figure 15). The distillate withdrawal drives the still composi-
tion away from the distillate composition (vector — D) while
the entrainer feeding pulls it toward the entrainer vertex
(vector + F). As a resultant of the two vectors the still com-
position moves on a straight line starting from the still com-
position at the end of Step 2 [x(¢,)] until it reaches either
the BE edge of the triangle or an extractive section stable
separatrix. Figure 15 also shows the rectifying profile for the
specified distillate composition.

To decide whether from a particular still composition the
specified distillate composition under the given reflux ratio
can be reached or not, the feasible extractive profile starting
from the still composition and the feasible rectifying profile
starting from the specified distillate composition must be
computed by Eq. 8. If R is low, the possibie rectifying profile
can differ significantly from the residue curve. In this case,
first the top liquid composition x, must be determined by
dew-point calculation from xp, and then the rectifying pro-
file is computed from x; by Eq. 8. If the extractive and recti-
fying profiles intersect, the separation is feasible (Figure 16).
Under the given conditions the separation is feasible for the
majority of the possible still compositions since the majority
of the extractive profiles meet the appropriate rectifying pro-
file. However, if the still composition is near the BE edge the
separation becomes infeasibie, because these extractive pro-
files arrive at the BE edge and do not attain the appropriate
rectifying profile. Since the still composition is moving to-
ward the BE edge with time, the separation becomes infeasi-
ble at a certain point in time in Step 3.

i Water (B) Aoctons (A) w

Figure 15. Still path and the rectifying profile in Step 3.
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Figure 16. Possible extractive profiles in Step 3 for fea-
sible and infeasible separations.

More information can be obtained if we draw all extractive
profiles calculated by Eq. 8 under the given value of
F,z,V,D,x, and residue curves in the triangle. Figure 17
shows the feasible extractive profiles for the above experi-
ment (R = 4), the residue curves and the profiles computed
by rigorous simulation.

The simulated profiles show acceptable agreement with the
feasible extractive profiles computed by Eq. 8 and the residue
curves, respectively. The slight difference between the loca-
tion of the feed stage composition and SN can be explained
by the fact that in the course of the rigorous simulation the
plate holdups and heat balances were also taken into consid-
eration.

Figure 17 also shows that if R < the extractive section
has a third fixed point: UN which originates from vertex E in
addition to the saddle point S, originating from vertex B and
the stable node SN coming from the azeotropic point. In our
case, if the entrainer flow rate F and the reflux ratio R are
varied, the location of UN hardly changes. On decreasing R
(F remains unchanged) S, moves toward the AE edge and
SN comes nearer to vertex FE.

When the map of the feasible profiles is computed,
F,z,V,D, x, must be kept constant. If we want to draw con-
clusions for the whole step, we have to control the constancy

|Methanol (B) [
.

|
|
i |

Possible extractive
profiles

o> |
Acetone (A) ’

' Water (E)

Figure 17. Simulated column profile in the map of ex-
tractive and rectifying profiles.
t =195 min; Az, = 78 min.
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of these parameters. The composition of the entrainer is al-
ways constant. If R and F are kept constant under constant
heat duty (Qy., ), V and D are approximately constant, too.
(The assumption of constant molar overflow provides a proper
approximation in the majority of the cases.) The constancy of
X p, is not evident. Figure 6 shows that during almost the whole
production step (in spite of the constancy of R) the distillate
composition was practically constant, because even though x;
varies with time if the number of extractive stages is suffi-
ciently high, all extractive profiles approach the stable node
on the AE edge (Figure 17). Therefore, the rectifying profile
starts practically from the stable node in any case, so x, re-
mains nearly constant for the most part of Step 3.

On the basis of these facts we can draw conclusions for the
characteristics of Step 3 using the map of the possible extrac-
tive profiles shown in Figure 18. In the case of a finite reflux
ratio the saddle-point S, divides the triangle into four re-
gions with its four separatrices (for continuous extractive dis-
tillation, see Knapp and Doherty, 1994). From Regions I and
II the possible extractive profiles arrive at the AE edge. If
the still composition lies in these regions, the BED separa-
tion is feasible. However, from Regions III and IV, the possi-
ble extractive profiles do not arrive at the AF edge, but they
reach the BE edge. If the still composition lies in these re-
gions, the BED separation is infeasible. Hence, for the given
values of F, z, V, D and x, we can define an infeasible
region consisting of Regions III and I'V. When the still com-
position reaches the boundary of the infeasible region (stable
separatrix) that the still path cannot cross, the specified prod-
uct composition cannot be maintained any longer and the
distillate composition will move toward vertex B.

From a mixture with fixed acetone content (e.g., x,=0.1)
the specified distillate product with the given entrainer flow
rate and composition cannot be obtained by extractive distil-
lation if the methanol concentration is high (to the detriment
of water content) whereas it can be obtained, if the methanol
concentration is low (Figure 18). This conclusion agrees with
our experimental and simulation results. Figure 18 also shows
that the infeasible region becomes narrower toward vertex E.
The smaller the distance between the still composition and
the BE edge at the end of Step 3, the higher the recovery of
A (assuming the same conditions as for Step 2). Therefore, in
the case of BED the favorable still paths move toward vertex
E.

The middle vessel column is basically a batch rectifier on
the top of a batch stripper with a common still pot (Safrit et
al, 1997). If a middle vessel column is operated under the
same conditions in the rectifying and extractive sections, the
infeasible region will be the same as that for a batch rectifier.
It means that if the still path is steered toward vertex B,
recovery of A will be smaller than that by steering the still
path toward vertex E. Since in the case of finite reflux ratios
vertex B is in the infeasible region (saddle point S, originat-
ing from B) a recovery of 100% cannot be even theoretically
obtained by a middle vessel column. Therefore, we find the
statement by Safrit et al. (1995, p. 3262) misleading that in
the case of BED in a middle vessel column a recovery of
100% of component A is theoretically possible in a three-
component mixture, when the still path is steered toward
the intermediate component. Figure 19 shows the difference
between the ‘infeasible’ regions, which could be obtained
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Figure 18. Map of possible extractive profiles, feasible
and infeasible regions.

by the method of Safrit et al. (1995) and the real infeas-
ible regions for a given set of parameters. For a still com-
position in each of the regions IR, FR, and FR,, by the
simulation of an instantaneous state of the column (f =6,
R =4, V=0.048 mol/s, F=10.0278 mol/s, z =[0.0, 0.0, 1.0]
and xg ;5 =[0.1, 0.8, 0.1], xg rg, =1[0.035, 0.200, 0.765],
xs rr2 =109, 0.05, 0.05], respectlvely) from FR, and FR, with
a limited number of stages (N =18) we attained acetone
purity (x, ) significantly higher than 0.94. [The above calcu-
lation was made with the continuous rigorous module using
simultaneous correction method of the simulator CHEM-
CAD III (1997).] However, from IR only the azeotropic com-
position was reached even with 100 stages since the extractive
profile ran to a fixed point [0.026,0.338,0.636] far from the
AE edge. Below the point §, the real infeasible region is
much smaller because the region FR,; is in fact feasible.
However, above S, the real infeasible region is much greater
since the region IR is infeasible. The region FR, near vertex
A qualified infeasible by the method of Safrit et al. (1995) is
feasible.

The recoveries accessible by BED in a batch rectifier and
in a middle vessel column can be compared by mass balance
calculations. Figure 15 shows the still path for the batch rec-
tifier. The maximum recovery can be estimated based on the
point where the still path and the boundary intersect be-

| Methanol (B)

A ‘pinch point' curves

!

[
Boundary of real |
infeasible region ‘
|

|

Acetone (A)

’Water (E)

Figure 19. Comparison of the boundary and A ‘pinch
point’ curves.
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P Boundary of
infeasible region

Dl
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Figure 20. Comparison of the still path of a batch recti-
fier and that of a middle vessel column.

tween the infeasible and feasible regions (Figure 20). From
the still composition at the beginning and at the end of the
production step, the recovery of A can be calculated from
mass balances written for this step. For the middle vessel col-
umn by the suggestion of Safrit et al. (1997), a still path mov-
ing toward vertex B is selected from the same starting point
xg(2,).

This still path determines the flow rate of the bottom prod-
uct of a given composition (pure water). Then, the intersec-
tion of the still path and the boundary gives the final still
composition in the production step. In our case, the maxi-
mum recovery was 88% for the batch rectifier and 78% for
the middle vessel column.

In the case of infinite reflux ratio (Step 2), the whole trian-
gle is feasible since the boundary is the BE edge itself. On
reducing the reflux ratio the area of the feasible region de-
creases (Figure 21). The shape of the boundaries under dif-
ferent reflux ratios indicates that the recovery of the middle
vessel column is lower for all reflux ratios than that of the
batch rectifier. However, the increase of the reflux ratio de-
creases the difference between the two recoveries.

There is a minimum reflux ratio under which each point of
the still path in Step 2 is located in the infeasible region. In
our case, R =1.5is above, R = (.6 is below the minimum re-
flux ratio for the extractive section. At the minimum value of
the reflux ratio, the still path is a tangent to the boundary.

The minimum entrainer flow rate for Step 3 is lower than its
value for Step 2 if under the given reflux ratio the separation
is feasible at all, since the reduction of the reflux ratio in-
creases the concentration of the entrainer on the stages and
in the case of our mixture a, p rises with increasing xp in a
monotone way. The method of the determination of F_;, is
similar to that applied in Step 2, but in Step 3 the curve of
the potential pinch points does not coincide with the iso-
volatility curve. Though F,;, can be determined for finite
values of R the application of an entrainer flow rate lower
than F,;, (R =) is not recommended in engineering prac-
tice because it is not economical (it results in a very low re-
covery). It is still worth mentioning—though it has no impor-
tance in engineering practice—that for F < F; (R =), if the
separation is feasible for this entrainer flow rate, there is aiso
a maximum reflux ratio (Figure 22).

At reflux ratios lower than the maximum the stable node is
located on the AE edge or outside the triangle and there is a
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Figure 21. Influence of the reflux ratio onto the size of
the infeasible region.

reflux ratio (in our case R ~ 31) above which the stable node
gets into the interior of the triangle.

Feasibility of Step 4

The production of the more volatile component is finished
when, under constant reflux ratio and entrainer flow rate
(basic operational policy), the prescribed distillate purity can-
not be maintained any longer because the still composition
had reached the boundary of the feasible region for the ex-
tractive section which cannot be crossed. The entrainer feed-
ing is then stopped. In Step 4 the less volatile component is
separated from the entrainer (in the simplest case under con-
stant reflux ratio, obviously without entrainer feeding). The
extractive section does not exist any more and the whole col-
umn operates as a rectifying section. Therefore, the feasibil-
ity method of Bernot et al. (1991) can be applied for the de-
termination of the possible cuts (e.g., taking an intermediate
cut) depending on the still composition at the end of Step 3.
In the case of large reflux ratio, the liquid composition pro-
files in the column follow the simple distillation residue
curves, so the distillate and the still compositions are on the
same residue curve. In the case of low reflux ratios, the possi-
ble profiles can differ significantly from the residue curves
and therefore must be computed in the way described ear-
lier.

The acetone (A4) remaining in the still after Step 3 can be
withdrawn in the intermediate cut and recycled. While the

;Methanol (B)
LT

f\g\i R=4 |
. Re7
| /T~ R=15 |
o R=31 ‘
e i
T R=« |
e |
i f e
e |
;Water (E) Acetone (A) '
Figure 22. Maximum reflux ratio for Step 3 (F = 0.006

mol/s).
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Figure 23. Evolution of the distillate and still composi-
tions in Step 4.

intermediate cut is being taken, the distillate composition
moves from the neighborhood of vertex 4 toward vertex B.
When the whole quantity of A had already been withdrawn a
simple binary B/E separation is carried out. The evolution of
the distillate and still compositions in Step 4 are shown in
Figure 23.

Conclusion

A feasibility method was developed for performing the
batch extractive distillation (BED) in a batch rectifier and
demonstrated by a pilot-plant experiment (with the mixture
acetone-methanol +water). For the same experiment the fea-
sibility method of Safrit et al. (1995) did not yield proper
results. However, the results obtained by our method agreed
with the experiments.

For the calculation of the composition profiles of the ex-
tractive and rectifying sections of the column a simple dy-
namic model was developed. Feasibility means that for a given
composition mixture a specified distillate composition can be
reached by BED with the entrainer of given composition. The
separation is considered feasible if such an instantaneous
state of the column exists, which provides the required qual-
ity distillate starting from the charge of the given composi-
tion.

Based on the map of possible extractive profiles and residue
curves for Step 2, we can determine the feasibility, the se-
quence of the components in the product, and the minimum
entrainer flow rate. The necessary and sufficient condition of
the feasibility is to have at least one extractive section profile
linking the still path with the possible rectifying profile. The
sequence of the components depends on the location of the
extractive section stable node. If it lies on the AE edge (or
behind it) component A, if it is on the BE edge (or behind it)
component B can be obtained as top product in the first pro-
duction step (Step 3). If the separation is feasible with a par-
ticular entrainer flow rate there must be a minimum flow rate
(Fpin), since the separation is infeasible for F = 0. The deter-
mination of F_;, is based on the fact that if the value of the
entrainer flow rate is decreased below its minimum value the
extractive section stable node gets into the interior of the
triangle.

We concluded that in the case of sufficiently high entrainer
flow rates there is no maximum reflux ratio. For a minimum
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distillate purity prescribed (xp 4 spec) there is a minimum
number of stages of the extractive section, but there is no
maximum. For this purity, both a minimum and a maximum
number of rectifying stages can be computed.

In Step 3 under the given values of parameters for the ex-
tractive section, an infeasible region can be determined. If
the still composition is located within this region, an appro-
priate separation A/B cannot be obtained. The batch recti-
fier was compared with the middle vessel column, and we
arrived at the conclusion that by the middle vessel column a
smaller recovery of A can be obtained under the same condi-
tions (in our case, the difference was about 10%).

Notation

f= feed plate number
h = plate number
H = holdup, mol
L = liquid flow rate, mol/s
P = pressure, bar
Q= heat duty, kW
S, = saddle point of the extractive section
SN = stable node of the extractive section
t=time, min
UN = unstable node of the extractive section
V= vapor flow rate, mol/s
x = liquid mole fraction
y= vapor mole fraction
z=entrainer mole fraction
a= relative volatility
A = difference, delta point
7= recovery

Subscripts

A= more volatile component, acetone
az = azeotrope
B = less volatile component
C = condenser
D = distillate
E = entrainer
ES = extractive section
j=plate
M = methanol
max = maximum value
min = minimum value
RS = rectifying section
S = still pot
spec = specified value
W= water

Superscripts:

vol = volumetric
* = equilibrium
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