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Abstract

A feasibility analysis is presented for the separation of close-boiling and azeotropic (minimum- and maximum-boiling) binary mixtures
into pure components by the addition of an entrainer introducing a heterogeneous azeotrope. The analysis is done for both the conventional
batch rectifier and the multivessel batch column. The analysis is theoretical and based on the assumptions of total reflux/reboil ratios and
infinite number of stages. Two feasibility conditions are formulated that make it possible to investigate feasibility based on information
coming solely from the distillation line map along with the binodal curve of the ternary mixture. Serafimov’s classification is used for
classifying the azeotropic phase diagrams. The feasibility analysis provides the necessary background and information for formulating
rules for entrainer selection for the process. Two simple rules are then proposed, which make it possible to “screen” entrainers for
heteroazeotropic batch distillation with minimum efforts.
© 2005 Elsevier Ltd. All rights reserved.

Keywords:Distillation; Batch columns; Heterogeneous azeotropic mixtures; Feasibility; Distillation lines; Entrainer selection

1. Introduction in the top section of the batch column, the process is called
extractive batch distillation. When the entrainer forms a ho-
The separation of azeotropic and close-boiling mixtures moazeotrope with at least one of the original components
is often faced in the organic chemical industry. Batch distil- and is added batchwise to the original mixture, the pro-
lation is by far the most common unit operation in the phar- cess is called homogeneous azeotropic or homoazeotropic
maceutical and fine/specialty chemical industries, where thebatch distillation. When the entrainer forms a binary het-
production quantities are small and the objective and spec-eroazeotrope with at least one (and preferably with only one)
ifications of the separation task are often changing. Thus, of the original components or a ternary heteroazeotrope and
investigating the possibilities of separating azeotropic and is added batchwise to the original mixture, the process is
close-boiling mixtures in batch distillation columns is of called heterogeneous azeotropic or heteroazeotropic batch
great importance. distillation. The topic of this work is heteroazeotropic batch
Distillation of binary azeotropic and close-boiling mix- distillation.
tures (AB) into pure components (light component A and  In another paperSkouras et al., 2005ve presented a
heavy component B) requires the addition of a third compo- detailed analysis of the heteroazeotropic batch distillation
nent, the so-called entrainer (E), that enhances the separaprocess in the batch rectifier and the multivessel column
tion. When the entrainer is heavy and is added continuously together with simulation results. The two column configura-
tions are shown ifrigs. la and b, respectively. We mentioned
" Corresponding author. Tel.: +47 73594154 fax: +47 7359 4080. that heteroazeotropic batch distillation, in the wi<_:ie meaning
E-mail addressesskouras@chemeng.ntnu.8. Skouras), of the term, can be performed under two operational modes
cosmovitl@rambler.ruskoge@chemeng.ntnu.if8. Skogestad). which we called modes | and IIl. Mode | is a hybrid process,
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neous dehydration of ethanol. Simple heuristic rules were
v Le developed that could be used in a knowledge database of an
L s expert system and limit the extensive search of molecules
B

that could be used as entrainers.

Rodriguez-Donis et al. (200Myere the first to provide
entrainer selection rules specifically for batch columns.
They pointed out that the rules for continuous columns
can be only used as a basis for batch columns as they
do not cover all the possible cases. This is because het-
eroazeotropic batch distillation is more flexible than its
continuous counterpart. They studied all possible residue
curve maps of heteroazeotropic mixtures under the assump-
tions of total reflux/total reboil ratios and infinite number
of stages. The classification &fatsuyama and Nishimura
(1977)with its 113 classes, which was later extended to 125
classes byFoucher et al. (1991)was adopted. The com-
plete set of rules for the feasible entrainers was tabulated in
tables.

The feasibility analysis bjRodriguez-Donis et al. (2001)
Fig. 1. Heteroazeotropic batch distillation in (a) conventional rectifier relates to h?terqazleOtrOplc bat.Ch distillation with .reflux of
column and (b) multivessel column. one or both immiscible phases in the decanter. Stripper con-

figurations were also considered in their work. In contrast,

the entrainer selection rules formulated in our work relate
i.e., a combination of two different separation methods (ho- to reflux of the entrainer-rich phase only and no stripper
mogeneous distillation and liquid-liquid split) realised in configurations are considered. We will further comment on
sequence. The column is refluxed with a mixture of both im- these issues later in our paper in order to better illustrate the
miscible phases in the decanter and the liquid—liquid split is differences between the two analyses.
not introduced until at the end of the distillation step. Thus, = Conclusively, our feasibility conditions and entrainer se-
mode | is governed by the rules of homoazeotropic distilla- lection rules are a particular case of the more general fea-
tion, while the post-operational split of the heteroazeotrope sibility analysis byRodriguez-Donis et al. (2001n the
in the decanter gives us the additional possibility to “break” other hand, Rodriguez-Donis et al. presented many exam-
the azeotrope at the column top. On the other hand, modeples of feasible entrainers for the process, but did not formu-
Il is a hybrid process, i.e., a combination of two dif- late well-defined entrainer selection rules that would make
ferent separation methods (distillation and liquid-liquid it easy for someone to “screen” entrainers. Our objective is
split) realised simultaneously. The liquid—liquid split is to formulate simple and clearly defined entrainer selection
performed during the distillation step and we can reflux rules that can be used for preliminary “screening” of feasi-
and withdraw or accumulate any combination of the two ble entrainers with minimum efforts.
decanter phases. Thus, mode Il is governed by special Inarecent papeiodla etal. (2003presented results for
laws and is a more flexible process than mode | of het- heteroazeotropic and heteroextractive distillation in a batch
eroazeotropic distillation and homoazeotropic distillation, rectifier. The separation of a close-boiling mixture by using
as was shown by the simulation results. We also analyseda heavy entrainer (Serafimov’s class 1.0-1b) was investi-
different separation strategies, “strategy A” and “strategy gated. First, the feasibility of the process was addressed and
B”, for mode Il of the process that were first mentioned by then results from rigorous simulations verified the theoreti-
Koehler et al. (1995) cal findings. The main findings of their feasibility analysis

The studies in entrainer selection for heteroazeotropic are in agreement with ours, as it will become obvious in the
batch distillation are limited, but valuable insight can be main parts of our paper.
gained by the related literature for continuous columns. By “feasibility” in this paper, we mean recovering the
Pham and Doherty (19908)udied the synthesis of continu-  original component (B or A) miscible with the entrainer in
ous heteroazeotropic distillation and presented some generapure form in the still, while the original component (A or
principles which could be used for distinguishing between B) immiscible with the entrainer and involved in the het-
feasible and infeasible entrainers for the process. An en-eroazeotrope is recovered at the composition of the entrainer-
trainer was considered to be feasible if the resulting residuelean phase (i or Lg) in the decanter. It is possible that a
curve map provided a feasible column sequertoarzer subsequent distillation task is required in order to recover
(1994) screened entrainers for the process from a different a pure original component (A or B) from the entrainer-lean
point of view. The UNIFAC group contribution method was phase (s or Lg). This issue is discussed in the paper, but
used for synthesising efficient entrainers for the heteroge- it is not covered by the feasibility conditions and entrainer
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selection rules developed. Moreover, it is usually not re- 2.1. Feasibility for modes | and I
quired to recover pure entrainer E, since it can be recycled
to the next batch. However, cases where pure entrainer E Both modes of heteroazeotropic batch distillation require
can be recovered are also discussed. an initial start-up period with total reflux in order to establish
Our objective is to derive simple conditions for feasibil- the composition profile in the column. The differences of
ity that do not require a detailed analysis. The basis for the two modes start after this initial start-up period.
this simplified analysis is the distillation line map along When the process is performed under mode I, the column
with the binodal curve of a ternary mixture. We initially use is refluxed with the heteroazeotrope during the whole oper-
a working example in order to illustrate the principles of our ation and the distillation step continues until the whole het-
feasibility analysis (Section 2). First, the differences in the eroazeotrope AzEA is collected in the decanter. Only when
feasibility regions for modes | and Il of heteroazeotropic dis- the distillation part is over we introduce the liquid-liquid
tillation are shown. After this we focus on mode Il and illus- split that allows us to “break” the azeotrope and recover
trate the feasibility for separation strategies A and B in the an entrainer-rich phasegLand an entrainer-lean (product)
rectifier column and the multivessel column. In Section 3, phase ly rich in the original component A. The other orig-
two general feasibility conditions are formulated that enable inal component B is recovered pure in the still. Since the
us to investigate feasibility based on minimum information liquid—liquid split happens post-operationally, mode | of the
coming from the distillation line map along with the bin- process is governed by the rules of homoazeotropic batch
odal curve of the ternary mixture. In Section 4, we present distillation. This is illustrated by the feasibility region shown
the results from checking feasibility for various ternary di- in Fig. 2a, which indicates that the process is feasible only
agrams. The original binary mixture (AB) can be (a) close- in area (a). This is the region described in the feasibility
boiling, (b) minimum homoazeotropic and (c) maximum rules bySkouras and Skogestad (2004} the multivessel
homoazeotropic and, in each case, the addition of variouscolumn. However, their process is actually mode Il and, con-
entrainers is investigated. These results provide the necessequently, the feasibility analysis is partially incorrect and
sary background for the formulation of simple entrainer se- applies only to the start-up step of the process. The addi-
lection rules that can be used for preliminary “screening” tional possibilities obtained during the main step (mode II)
of feasible entrainers for the process. These rules togethemere not considered.
with some guidelines for entrainer selection are given in  Duessel and Stichlmair (199%dopted mode | for the
Section 5. separation of water (A)—pyridine (B) by using toluene (E) as
a heteroazeotropic entrainer. The feed F was placed exactly
on the straight line B-AzEA and a single rectification step
2. Feasibility analysis for the working example was required since they could reach the pure component B
vertex by removing the heteroazeotrope AzEA during the
In this section, we present the principles of our feasibility whole process. The main disadvantage of mode | is that large
analysis. The principles are general and apply to all mixtures amounts of entrainer E are required.
studied in this paper. However, a working example is used On the other hand, mode Il allows operation also in a part
for illustrative reasons. First, we discuss the feasibility for of region (b) where smaller amounts of entrainer E are re-
modes | and Il of heteroazeotropic batch distillation men- quired. In mode Il, the splitting of the heteroazeotrope in the
tioned in the introduction. Second, the feasibility for sepa- decanter is introduced during the distillation step, which al-
ration strategies A and B in the rectifier column and also in lows us to reflux and withdraw/accumulate any combination
the multivessel column is addressed. of these two phases in the decanter, while the entrainer-lean
Suppose that an initial close-boiling binary mixture (AB) L4 phase is withdrawn (open operation) or accumulated in
is to be separated. Components A and B are the so-calledthe decanter (closed operation). Thus, mode Il is a flexible
original components and the mixture AB is the so-called process governed by special laws, and some limitations on
original mixture. Component A (light) is considered to have the feasible regions for mode | are not valid for mode IlI.
a lower boiling point than component B (heavy). To facil- Fig. 2b illustrates these additional possibilities. The process
itate separation, a light entrainer (E) that forms a binary under mode Il is feasible also in the part of region (b) lim-
heteroazeotrope (AzEA) with the original component A is ited by the straight line B—}. connecting the still produd®
added. The heteroazeotrope AzEA becomes the unstableand the entrainer-lean phasg.L
node (o) of the distillation line map, components E and A The feasibility analysis dflodla et al. (2003pgrees with
become saddleg\) and the original component B becomes the above findings even though the terminology used is dif-
the stable nodge), as shown irFig. 2 This working mix- ferent. They use the term “total reflux” for indicating mode |
ture belongs to Serafimov’s class 1.0-1a. No distillation and the term “finite reflux” for mode Il. The authors mention
boundary exists but the ternary diagram is divided into two “it can be stated that the minimum amount of the entrainer
batch distillation regions (a) and (b) by the line B-AzEA decreases if, instead of the heteroazeotrope, the distillate is
running from the heteroazeotrope AzEA to the original only withdrawn from the A-rich phase”. In mode I, the min-
component B. imum amount of entrainer lies on the line B-AzEA while in
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Serafimov’s class 1.0-1a

B A
(@) Mode | (b) Mode Il

Fig. 2. Feasible regions (shaded) for modes | and Il of heteroazeotropic batch distillation.

(b)

............... mass balance ------ pinodal curve =~ —~~——— composition profile

Fig. 3. Feasibility for strategy A in the rectifier column (a) product recovery step (first step) and (b) entrainer recovery step (second step).

mode Il, it lies on the line B—, as illustrated irFig. 4in of entrainer E, the process requires two steps; product re-

Modla et al. covery step (first step) and entrainer recovery step (second
step).

2.2. Feasibility in the rectifier column In the first “product recovery” step, component A is re-

covered with total reflux of the entrainer-rich phasg. 1A

The rest of the paper focuses at mode Il of het- binary mixture $ of components B and E remains in the
eroazeotropic batch distillation with reflux of the entrainer- still at the end of this step while the entrainer-lean phage L
rich phase(L ) only. Koehler et al. (1995presented two  is recovered in the decanter. Feasibility during this first step
separation strategies A and B for the rectifier column, which requires that (seEig. 3a):
were analysed in more detail I8kouras et al. (2005Both Mass balance lineThe final still compositionS;) is con-
strategies can be realised in the open or closed rectifier. Wenected with the feed composition (F) and the composition
address now feasibility issues and illustrate feasible regionsof the entrainer-lean phask 4) by a straight line.
for both strategies. The same working example (Serafimov's Composition profile The final still composition(Sy) is

class 1.0-1a) as before is used. connected with the composition of the refldkz) by a
distillation line.
2.2.1. Strategy A In the second “entrainer recovery” step, pure entrainer E is

This strategy requires output/accumulation of one phaserecovered in the decanter and pure component B is recovered
at the decanter at a time. Generally, with an arbitrary amount in the still. Reflux of pure entrainer E is applied during this
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step. Feasibility during this first step requires that (see E
Fig. 3):

Mass balance lineThe final still composition (B) is con-
nected with the feed compositi@®;) and the composition
of the pure entrainer (E) by a straight line.

Composition profileThe final still composition (B) is con-
nected with the composition of the reflux (E) by a distillation
line.

In the limiting case, strategy A can be implemented in
one single step (product recovery step) and no need for the
entrainer recovery step exists. Such cases were described by
Rodriguez-Donis et al. (2008ith the feed F placed exactly
on the straight line B-}y. The process was then feasible
with one rectification step since the pure component B vertex
could be reached by removing the entrainer-lean phase L
during the whole process.

--------------- mass balance - - - ——- binodal curve
~~———— composition profile

Fig. 4. Feasibility for strategy B in the rectifier column.

2.2.2. Strategy B
Strategy B uses partial reflux of the entrainer-rich phase o _
Lz and output/accumulation of both the entrainer-legn L [N strategy B the original component A is recovered at
and the entrainer-rich phase LPure original component B the composition of the entrainer-lean phase, bs in strat-
is recovered in the still at the end of the process. Feasibility 89Y A- However, the entrainer E can only be recovered at
for strategy B requires that (s&ég. 4): the composition of the entramgr—r!ch phas,e and not pure .
Mass balance lineThe final still composition (B) is con- ~ €ntrainer as in strategy A. This limitation of strategy B is
nected with the feed composition (F) and the final total llustrated inFig. S, where we see that the feasibility re-
composition (D) of the entrainer-leait. 4) and entrainer- gion is limited to the triangle BiL . A feed F inside the
rich phase (k) withdrawn/accumulated in the decanter by triangle BLE cannot be separated by strategy B, but it can

a straight line. be separated by strategy A. Strategy B, should be adopted
Composition profile The final still composition (B) is ~ When separating a binary original mixture AB by adding a
connected with the composition of the reflixz) by a dis- heteroazeotropic entrainer E because in this case we are,

tillation line. Skouras et al. (2009)ointed out that strategy ~ MOSt likely, not interested in recovering pure entrainer.

A has the advantage that it allows the recovery of pure en-

trainer E during the second stefig. 5a illustrates the fea-  2.3. Feasibility in the multivessel column

sibility region when strategy A is implemented. The whole

BL4E triangle, that is, the whole feasibility region under The separation in the multivessel column as described by
mode Il, is available under strategy A. Strategy A should be Skouras et al. (20053 illustrated inFig. 1b. The entrainer-
adopted when we want to recover all three components fromrich phase Iz is totally refluxed and only the entrainer-lean

a ternary heteroazeotropic mixture. phase Ly is withdrawn/accumulated in the decanter. For

E Serafimov’s class 1.0-1a

B A B A
(a) Stratgy A (b) Stratgy B

Fig. 5. Feasible regions (shaded) for separation strategies A and B in the rectifier column.
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E L feasibility based on minimum information coming from the
rectifying [ . . .
. proiile distillation line map along with the binodal curve of the
ternary mixture.

In order to develop such feasibility conditions based on
minimum information, the assumptions of total reflux/total
reboil ratios and infinite number of stages are necessary.
Under these assumptions, the distillation line map and the
binodal curve of the mixture provide all the necessary infor-
mation for checking feasibility. These working assumptions
3 are tools that allow us to address feasibility theoretically and

rectifying
profile

ST\ LA relaxing them is not affecting the results of the feasibility
analysis. We will come back to this issue later.
B A Let us assume that we want to separate a binary azeotropic
............... mass balance— — — —— - binodal curve or close-boiling mixture (AB) by the addition of a het-
~~—- conpositionprofile eroazeotropic entrainer (E). The resulting ternary mixture

(A+B+E) is introduced into the still of the rectifier or the
multivessel column equipped with a decanter for accommo-
dating the phase splitting at the top, as showkim 1

our working example, pure entrainer E is recovered in the An initial start-up period is needed in order to build up
middle vessel and pure original component B in the still. the composition profile in the column and collect some of

Fig. 6. Feasibility in the multivessel column.

This operation of the column is shown fig. 1b. the heteroazeotrope in the decanter. This period is run under
Feasibility in the multivessel column requires that (see total reflux and the entire mixed phases in the decanter are
Fig. 6): refluxed. The only feasibility requirement during the start-

Mass balance triangteThe feed composition (F) lies in  up period is that the initial feed has to be located in a region
the triangle spanned by the final still composition (B), the wh_ere the heteroazeotrope is the unstable node, so it will
middle vessel composition (E) and the entrainer-lean com- boil overhead.

position (L 4) withdrawn/accumulated in the decanter. When some of the heteroazeotrope is collected in the
Composition profile The final still composition (B) is ~ decanter, the main period of the process can start. The

connected with the composition of the reflikz) by a entrainer-rich phase () is refluxed to the column. As

distillation line. mentioned before, the reflux can be total (strategy A in the

The described separation in the multivessel column re- rectifier or the multivessel column) or partial (strategy B
sembles strategy A in the rectifier column. Strategy A in the rectifier column) and the immiscible phases in the
performs the separation in two steps sequentially in time, decanter can be either withdrawn (open operation) or ac-
while the multivessel performs the two steps simultaneously cumulated (closed operation). The feasibility requirement
in the rectifying and stripping section of the column. The during the main period is that there exists a column profile
products are the same for both processes; entrainer-learfonnecting the still composition to that of the reflux compo-
phase ly, pure entrainer E and pure original component sition Lg at the top of the column. At total reflux the column
B. Consequently, the feasible region for the multivessel composition profile is represented by a distillation line.

column is the same as for strategy A, which was shown in  As a consequence of the above, two feasibility conditions
Fig. 5a. are formulated:

Feasibility condition 1 There should exist a feed re-
gion where the heteroazeotrope is the unstable node such
3. General feasibility conditions that it boils overhead and starts accumulating in the
decanter.
In this section we attempt to address the question: “Given  Feasibility condition 2 There should, at steady state, ex-
a distillation line map along with the binodal curve of a ist a distillation line connecting the reflux compositiopn L
ternary mixture, how can we check if the separation is with the still product composition B or A in the direction of
feasible™? We want to know, at a preliminary stage, if a sep- increasing temperature fromglLto B or Lg to A.
aration is feasible without doing all the detailed feasibility =~ The feasibility conditions formulated above relate to
analysis. Of course, if the separation is feasible, the detailedmode Il of heteroazeotropic batch distillation with reflux of
analysis should be done, in a later stage, in order to iden-the entrainer-rich phase only. Consequently, they differ from
tify feasible regions, initial feed location, minimum amount the rules proposed bRodriguez-Donis et al. (2001yhich
of added entrainer, etc. Thus, we summarise the findingsapply to mode Il with reflux of both the entrainer-rich and
from the previous section and formulate two general con- entrainer-lean phase. Moreover, the conditions are valid for
ditions which are valid for both the rectifier and the mul- both the rectifier and the multivessel column. This is dictated
tivessel column. These conditions enable us to investigateby the fact that the separation in the multivessel column



S. Skouras et al. / Chemical Engineering Science 60 (2005) 2895-2909 2901

resembles the separation strategy A in the rectifier column. 4. Feasibility results for various cases
Finally, they are valid for both strategies A and B since
reflux of the entrainer-rich phase only is applied in both  Inthis section, the validity of feasibility conditions 1 and 2
strategies. is checked for the distillation line maps of various mixtures.
The assumption of infinite number of stages is used in or- If the conditions are satisfied, the separation is feasible.
der to secure that the stationary points of the distillation line  The following three general cases were studied:
map are achieved in the column, e.g. the heteroazeotrope is Case a The original mixture (AB) is close-boiling. Ten
collected in the decanter, pure component B or A is recov- cases were analysed and the results are showahte 1
ered in the still, etc. This assumption can be relaxed, since Case bThe original mixture (AB) has a minimum-boiling
we can always use the finite number of stages assuring thehomoazeotrope (AzAB). Nine cases were analysed and the
desired product specifications. results are shown imable 2
The assumption of total reflux/reboil ratios enables us Case cThe original mixture (AB) has a maximum-boiling
to use the distillation lines instead of calculating the exact homoazeotrope (AzAB). Seven cases were analysed and the
column profile. In simple words, this assumption implies results are shown ifable 3
that the final column profile lies on the edge between the still  We did not analyse mixtures where:
composition B and the reflux compositior L.as shown for
example inFigs. 4and6. Of course, the real separation is N1. The formed heteroazeotrope after the addition of the

performed at finite reflux, which means that the final column entrainer is not an unstable node of the distillation line
profile would lie near the edge Bxldepending on the reflux map. In such a case, it is impossible to recover the het-
and the number of stages. Thus, this assumption can be also  eroazeotrope in the top of the column by a rectification
relaxed without loss of the validity of our analysis. process.
Table 1
Feasibility results for close-boiling original mixtures (AB)
Entrainer descripti Distillation i cl Feasibilty ©“r¢
ntrainer description istillation line map ass easibility o 50nents
Case al Light entrainer (E) forms AL 1.0-1a YES YES
heteroazeotrope (AzEA) with light
original component (A) Qazza
B Va
Case a2 Light entrainer (E) forms b
heteroazeotrope (AzEB) with heavy 101 YES YES
original component (B)
Case a3 Heavy entrainer (E) forms . 1.0-1b NO —
heteroazeotrope (AzEA) with light \
original component (A) .
B A
Case a4 Heavy entrainer (E) forms . 5 1.1-2 NO —
heteroazeotrope (AzEB) with heavy
original component (B) and ternary
saddle (AzEAB)
Case a5 Entrainer (E) forms a het- 2.0-2b YES NO

eroazeotrope (AzEA) with light orig-
inal component (A) and min. ho-
moazeotrope (AzEB) with heavy orig-
inal component (B)
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Table 1
(Continued

Entrainer description Distillation line map Class Feasibility

Pure
components

Case a6 Entrainer (E) forms het-
eroazeotrope (AzEB)with heavy orig-
inal component (B) and min. ho-
moazeotrope (AzEA) with light orig-
inal component (A)

E
Case a7 Entrainer (E) forms het- A
eroazeotrope (AzEA) with light orig-
inal component (A) and max. ho-

2.0-2¢c YES NO

2.0-1 NO —

moazeotrope (AzEB)with heavy orig-

inal component (B)

Case a8 Entrainer (E) forms het- M 2.1-3a NO —
eroazeotrope (AzEB) with heavy
original component (B), max. ho-

moazeotrope (AzEA) with light origi-
nal component (A) and ternary saddle
(AZEAB)

Case a9 Entrainer (E) forms het-
eroazeotrope (AzEA or AzEB) with
one original component (A or B), min.
homoazeotrope (AzEB or AzZEA) with
the other (B or A) and ternary het-
eroazeotrope (AZEAB)

Case alO Entrainer (E) forms het-

eroazeotrope (AzEA or AzEB) with

one original component (A or B), min.

homoazeotrope (AzEB or AzEA) with

the other (B or A) and ternary saddle
(AZEAB)

2.1-2b YES NO

2.1-3b NO —

N2.

N3.

N4.

The original mixture (AB) is heteroazeotropic. In (Class 1.0-2), thus excluded from our analysis (excep-
such a case, we can always perform a binary het- tion N1). Consequently, a total of 15 classes are in-
eroazeotropic distillation and recover the original cluded in this study.

components.

The entrainer has a boiling point between the boiling ~ The results for cases a—c are summarise@iables 1-3
points of the original components (intermediate en- respectively. The first column refers to the properties of the
trainer). The possibilities of finding such entrainers are added entrainer E and presents all the specific cases anal-
rather limited since close-boiling and azeotropic mix- Yysed. In the second column the distillation line map along
tures do not usually differ by more than about’8in with the binodal curve of the ternary mixture is shown. The
their boiling points Perry et al., 199%7 arrows in the maps indicate the direction of increasing tem-
Mixtures that are unlikely to occur in practice. All perature. The third column classifies the mixture according
mixtures are classified under one of the 26 Serafi- to Serafimov’s classification. In the fifth column a “YES”
mov’s classesHilmen et al. (2002)and Kiva et al. indicates feasibility and the entrainer is acceptable, while a
(2003) pointed out that 10 of these classes have not “NO” indicates infeasibility. In the last column, we reply to
been reported in the literature. In addition, one class the question of whether or not it is possible to recover pure
applies only to zeotropic mixtures (Class 0.0-1) and original componentA or B from the entrainer-lean phage L
one requires that the heteroazeotrope is a saddleor Lg by subsequent batch distillation steps. A “YES” under
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the last column titled “pure components” means that we cases lead to feasible separations. Case al was used as the
can recover pure A or B and a “NO” means that we cannot working example Figs. 3—§ and is not further discussed.
recover pure components in subsequent steps. In cases wheM/e will look closer to case a5 since it has some interesting
the separation is infeasible, we just put the sign (—) in the features.

last column. Additional information about the expected final Case a5 The added entrainer forms a heteroazeotrope

products in the vessels is givenTable 4 AzEA with the light original component A and a minimum-
To illustrate the use of these diagrams, we will look closer boiling homoazeotrope AzEB with the heavy component B
at some subcases of cases a—c. and the mixture is of Serafimov’s class 2.0-2b. There ex-
ist two distillation regions that are separated by a distilla-
4.1. Case a : Original mixture (AB) is close-boiling tion boundary (unstable separatrix) running from the het-

eroazeotrope AzEA to the homoazeotrope AZEB.
Separation of close-boiling mixtures into pure products If we look at the distillation line map for case a5 in
requires high reflux ratios and high number of stages and theTable 1and we check if feasibility condition 2 is fulfilled,
process often becomes uneconomical. Ten different casesye can easily reach the conclusion that the condition is
not excluded by N1-N4, were investigated (Cases al—al0)violated. There is no distillation line connecting the de-
and the results are shownTable 1 The mixtures are clas-  sired still product B and the entrainer-rich phasg, land
sified under nine of Serafimov’s classes. Five of the studied the separation should be infeasible. Such a conclusion is

Table 2
Feasibility results for minimum homoazeotropic original mixtures (AB)

Pure

Entrainer description Distillation line map Class Feasibility components

Case b1l Light entrainer (E) forms 2.0-2b YES YES
heteroazeotrope (AzEA or AzEB) .
with one original component (A or B) /

Case b2 Light entrainer (E) forms
heteroazeotrope (AzEA or AzEB)
with one original component (A or B)
and ternary saddle (AzEAB)

2.1-3b YES YES

Case b3 Heavy entrainer (E) forms . 2.0-2¢ NO _
heteroazeotrope (AzEA or AzEB)
with one original component (A or B)

=

Case b4 Heavy entrainer (E) forms
heteroazeotrope (AzEA or AzEB)
with one original component (A or B)
and ternary saddle (AzEAB)

2.1-3b NO —

Case b5 Entrainer (E) forms het-

eroazeotrope (AzEA or AzEB) with

one original component (A or B) and
min. homoazeotrope with the other
(AZEB or AZEA)

3.0-2 YES YES
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Table 2
(Continued

) L TP Pure
Entrainer description Distillation line map Class Feasibility .o moonents
Case b6 Entrainer (E) forms het- 3.1-2 YES YES

eroazeotrope (AzEA or AzEB) with
one original component (A or B), min.
homoazeotrope with the other (AzEB
or AzEA) and ternary heteroazeotrope
(AZEAB)

3.0-1b NO —
Case b7 Entrainer (E) forms het-

eroazeotrope (AzEA or AzEB) with

one original component (A or B) and
max. homoazeotrope with the other
(AZEB or AZEA)

Case b8 Entrainer (E) forms het- 3.14 NO -

eroazeotrope (AzEA or AzEB) with
one original component (A or B), max.
homoazeotrope with the other (AzEB
orAzEA) and ternary saddle (AzEAB)

2.1-2b NO —
Case b9 Entrainer (E) forms het-

eroazeotrope (AzEA or AzEB) with
one original component (A or B) and
ternary heteroazeotrope (AzEAB)

however wrong. Condition 2 requires that such a connection point of the binodal curve, that is the point where the dis-
should exist at steady state.Table 1 we see that the reflux  tinction between coexisting liquid phases vanishiekam
path (the path of the entrainer-rich phasg) lmoves along and Doherty, 1990b limits the reflux on its movement. If
the binodal curve from point k. to point Lg/, which is the the reflux “meets” the critical point before it reaches the
intersection point of the binodal curve and the distillation intersection point of the binodal curve with the distillation
boundary. This means that the pointg/land B are con-  boundary, then no liquid-liquid split is available anymore
nected by a distillation line in the direction of increasing tem- and thus the process is infeasible. Consequently, the feasi-
perature from lgs to B and, thus, condition 2 is fulfilled at  bility in cases a5, a6, a9, b5, b6 and c4 depends also on
steady state. In addition, it is easy to check that condition 1 is the interposition of the critical point with the intersection
also fulfilled and therefore the separation is feasible. The fig- point of the binodal curve with the distillation boundary.
ure inTable 1shows also the path of the entrainer-lean phase A brief introduction on the intersection of the distillation
from L4 to Lu/. The steady-state pointylis in equilibrium boundaries and the binodal curve is given Kiya et al.
with the point Lg» and consequently they belong to the same (2003) where it seems that the distillation boundaries never
tie-line. go through the critical point. However, based on this analy-
The same behaviour with the reflux path moving along sis, a general statement about where exactly the critical point
the binodal curve is encountered in cases a6, a9, b5, béis placed in comparison to the distillation boundaries cannot
and c4 Tables 1-3 Skouras et al. (2005)resented rigor-  be made.
ous simulation results for a mixture classified under Serafi- One important difference between case a5 and our work-
mov’s class 3.1-2 (case b6 ifable 2 and discussed this ing example (case al) is that it is not possible to recover
issue. However, we should note here that the reflux cannotpure entrainer E in case a5. This is because the binary edge
always move freely along the binodal curve. The critical EB in case a5 exhibits an additional stationary point, which
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Table 3
Feasibility results for maximum homoazeotropic original mixtures (AB)

Pure

Entrainer description Distillation line map Class Feasibility components

2.0-1 YES YES

4[]

CaseclLightentrainer (E) forms het-
eroazeotrope (AzEA or AzZEB) with
one original component (A or B)

V V
B

2.0-2a NO —
Case c2 Heavy entrainer (E) forms

heteroazeotrope (AzEA or AzEB)
with one original component (A or B)

Case c3 Heavy entrainer (E) forms 2.1-3a NO —

heteroazeotrope (AzEA or AzEB)
with one original component (A or B)
and ternary saddle (AzEAB)

Case c4 Entrainer (E) forms het- H 3.0-1b YES YES
eroazeotrope (AzEA or AzEB) with >
one original component (A or B) and

min. homoazeotrope with the other AEB N QazA
(AZEB or AZEA)

3.0-1b NO —
Case c5 Entrainer (E) forms het-

eroazeotrope (AzEA or AzEB) with

one original component (A or B) and
max. homoazeotrope with the other
(AzEB or AZEA)

3.1-4 NO —
Case c6 Entrainer (E) forms het-
eroazeotrope (AzEA or AzEB) with
oneoriginal component (A or B), max.
homoazeotrope with the other (AzEB
orAzEA)andternary saddle (AzEAB)

’ 3.1-4 NO —
Case c7 Entrainer (E) forms het-

eroazeotrope (AzEA or AzEB) with
one original component (A or B), min.
homoazeotrope with the other (AzEB
orAzEA)andternary saddle (AzEAB)

is the homoazeotrope AzEB. This homoazeotrope is then re-column. InTable 4 we give the final products in the ves-
covered in the rectifier column during the second (entrainer sels for all cases both for the rectifier and the multivessel
recovery) step or in the middle vessel of the multivessel column.
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Table 4 in their article). This situation is repeated in cases a7, b3,

Final products for all cases Wables 13 b7 and b9 Tables 1and2), which are infeasible according

Case Rectifier column Rectifier column (strategy A) {0 our analysis (one-phase reflux) but feasible according to

(strategy B) and multivessel column Rodriguez-Donis et al. (200)wo-phase reflux).

al LA, LE, B LA, E, B

ag Lg, Lg, A easib L, E A 4.2. Case b: Original mixture (AB) is minimum-boiling

a niteasioble H

) Infeasible homoazeotropic

a5 Ly, Lgr, B L, AzEB, B . ) ) )

a6 Ly, Lpr, A Ly, AZEA, A When the original mixture (AB) is azeotropic, there are

a7 Infeasible two general cases that have to be studied. The first one is

a8 Infeasible when the original mixture exhibits a minimum-boiling (min)

Z?o bars Le B Infeasible La, AZEB, B homoazeotrope (case b), and the second is when the original
mixture exhibits a maximum-boiling (max) homoazeotrope
(case c).

E; tA' tE' g tA’ E g We look at case b first. Nine different cases, not excluded

b3 A e nfeasible by N1-N4, were identified and are given Tiable 2 The

b4 Infeasible corresponding distillation line maps were classified under

b5 Ly, L, B Ly, AZEB, B eight of Serafimov’s classes and four of them proved to be

b6 Ly Ly B _ La, AZEB, B feasible. We further discuss case b2.

b7 Infeasible Case b2 A light entrainer E is added to the original

b8 Infeasible . .

b9 Infeasible mixture AB that forms a heteroazeotrope AzEA with the
light original component A. In addition, a ternary saddle
homoazeotrope AzEAB exists. There exist four distillation

cl La, Lz, B L4, E B . e S .

2 Infeasible regions divided by four distillation boundaries. Two bound-

c3 Infeasible aries (stable separatrices) are running from the saddle ternary

c4 Ly, Lgr, B L4/, AZEB, B homoazeotrope AzEAB to the two original components A

c5 Infeasible and B, while two boundaries (unstable separatrices) are run-

2? ::]fgz:g:g ning from the binary azeotropes AzEA and AzAB to the

ternary saddle AzZEAB. The mixture is of Serafimov’s class
2.1-3b and is interesting because of the ternary saddle ho-
moazeotrope.

It is easy to check that both feasibility conditions 1 and 2

Case a3This is the case of a close-boiling mixture (AB) are fulfilled. Indeed, the corresponding distillation line ma|
to be separated by the addition of a heavy entrainer (E) that. : X P 9 P

forms a heteroazeotrope (AzEA) with the light original com- in Table 2shows that_ there exists a region in which the het-
) . L . eroazeotrope AzEA is the unstable node. Moreover, we can
ponent (A). Case a3 is, according to our analysis, infeasible.

o . . see that a distillation line exists that connects the reflgx L
This is because the steady state still product B is not con- " ; : . N .
X " . L with the desired still product B in the direction of increas-
nected with the reflux compositiongLin the direction of

. . . ing temperature (see the arrows) from ko B. Therefore,
increasing temperature fronglto B. The arrows in Case a3 . .
o : the separation and, consequently, the added entrainer are
indicate that the temperature increases from B to E along thefeasible
BE edge. Thus, no rectifier column can recover component : . . .

) N . : However, we have to point out that even if the separation
B in the still with reflux of the entrainer-rich phasg;Las

: . . B2 is feasible, this is the only case where an entrainer that
required by strategy A (during the entrainer recovery step) leads to the formation of a ternary saddle homoazeotrope
or strategy B.

Modla et al. (2003¥tudied feasibility for the same class of makes the process feasibleables 1—_3md|cate that in all .
. . other cases where a ternary saddle is formed by the addition
mixtures (class 1.0-1b) in case of one-phase and two-phase

reflux. In the former case they reached the conclusion: “If of an entrainer, like in cases a4, a8, al0, b4, b8, c3, ¢6 and

. . - . c7, the separation is infeasible. Thus, our general advice is to
only one phase reflux is applied, the specified distillate com- . : .
- avoid entrainers that lead to the formation of ternary saddle
position cannot be reached from anywhere and the whole

area of the triangle will be infeasible”, which is in agree- azeotropes.

ment with our findings. In the latter case, they found out

that the process is feasible and, thus, component A can be4.3. Case c: Original mixture (AB) is maximum-boiling
recovered in the composition of the entrainer-lean phase L homoazeotropic

if two-phase reflux is applied. Note thRbdriguez-Donis et

al. (2001) who also studied two-phase reflux, showed that The task of separating an original mixture AB that ex-
such an entrainer is feasible (see Table 5, set of rules no. lhibits a maximum-boiling (max) homoazeotrope AzAB is
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faced less often in azeotropic distillation, because maximum Case a5 As seen inTable 4 pure component B is re-
azeotropes are less probable than minimum ones. Seven difeovered in the still, while the entrainer-lean phase Is
ferent cases of heterogeneous entrainers were analysed angkcovered in the decanter. A subsequent rectification step
two of them fulfilled the criteria of feasibility, aable 3 for the ternary fraction |y (Table ) will lead to the het-
indicates. The seven cases studied belong to five differenteroazeotrope AzEA in the decanter, while the still path will
azeotropic classes. We will now look to a case where the end up in the binary edge AB. This means that we return
separation is infeasible. to the close-boiling mixture AB that we wanted to separate

Case c5 The added entrainer forms a heteroazeotrope initially. Thus, the process is feasible (we can recover B and
AzEA with the light original component A and a maximum- L 4/), but we cannot recover pure original component A from
boiling homoazeotrope with the heavy original component the entrainer-lean phasesLin the decanter. The ternary
B. The distillation line map of the mixture is shownTable fraction L,/ has to be recycled to the next batch. Therefore,
3 and it represents Serafimov’s class 3.0-1b. There is onewe have a “NO” in the last column dfable 1 The same
distillation boundary (stable separatrix) running from the ho- happens with case a9 Trable 1 We cannot recover pure A
moazeotrope AzEB to the maximum homoazeotrope AzAB from the ternary fraction ).
and the composition space is divided into two distillation = Case a6As we can see iffable 4 pure component A is
regions. recovered in the still and an entrainer-lean phageih the

A check of the distillation line map leads to the con- decanter. Itis not possible to recover pure component B from
clusion that the separation is infeasible. There exists athe entrainer-lean phasglwith a subsequent rectification
rather large region (AzEB-AzEAB-AzAB-A-AzEA-E-  step, since this will lead back to the original close-boiling
AzEB) in which the heteroazeotrope (AzEA) can be ob- mixture AB (see Table 1). However, it would be possible to
tained at the top of the column, thus satisfying feasibility recover pure component B from the fractiog-lin a batch
condition 1. However, in this area it is not possible to stripper since component B is a stable node in the region
recover the original component B in the still, but the ho- where the fraction g is located. Since batch strippers are
moazeotrope AzEB instead. There exists no distillation not considered in this study, we have a “NO” in the last
line connecting the reflux £ and the desired still prod- column ofTable 1
uct B and feasibility condition 2 is not satisfied. Conse- Case b2 In Table 4 we see that pure component B is
quently, the separation is infeasible and the entrainer isrecovered in the still, while an entrainer-lean phaseih
rejected. the binary edge EATable J is recovered in the decanter.

A subsequent rectification step of the binary fractiop L
4.4. Pure original component from the entrainer-lean phase ¢an be used for recovering pure component A. Thus, further
purification of the entrainer-lean phase is possible.

As mentioned already, the original component A or  Generally speaking, in all cases where the entrainer-lean
B immiscible with the entrainer E and forming the het- phase Ly or Lg is a binary mixture, it is possible to re-
eroazeotrope is recovered at the composition of the cover a pure component from this fraction. This happens in
liquid—liquid split L4 or Lg. The original component B cases al, a2, bl, b2 and cl1. The situation is more compli-
or A miscible with the entrainer is recovered pure in the cated when the entrainer-lean phase is ternary, as cases a5,
still. Our feasibility analysis did not cover the possibility of a6 and a9 indicated. Let us look at cases b5, b6 and c4. In
further purification of the entrainer-lean phase. In the last these cases, the entrainer-lean phageid ternary and we
column ofTables 1-3under the title “pure components”), want to check if it is possible to recover pure component A
we consider this issue for all feasible separations. from such a fraction. Remember that this was not possible

Case al This case served as the working example in in cases a5, a6 and a9. In contrast, such a further purification
this paper. As can be seen Table 4 where we give the  of the entrainer-lean phasesLis feasible in cases b5, b6
steady-state products for both the rectifier and the mul- and c4. A subsequent rectification step will provide the het-
tivessel column, the entrainer-lean phasg, kich in the eroazeotrope in the top and a fraction in the binary edge AB
original component A, is recovered in the decanter. The in the bottom. This binary fraction AB can then be separated
other original component B is recovered pure in the still. by a third rectification step in the original homoazeotrope
The entrainer-lean phaselis on the binary edge AE (see AzAB and the pure original component A. In cases b5 and
Table J and, thus, it can be easily separated in a subse-b6, the pure component A is recovered in the still, while in
quent rectification step. The heteroazeotrope AzEA will case c4 is recovered at the top.
then be the top product and pure component A will be the
still product. Thus, case al is not only feasible but also
both original components can be recovered pure. The last5. Entrainer selection rules
column inTable lindicates whether the original compo-
nent (A or B) can be recovered in pure form from the  The objective of this section is to address the following
entrainer-lean phas@ 4 or Lp) in subsequent distillation  issue: “Formulate some simple rules that enable us to screen
steps. entrainers for the process with minimum effort”. Based on
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the feasibility conditions 1 and 2 in Section 2 and the feasi- such entrainers unless we make sure that the entrainer is like
bility results inTables 1-3the following rules were formu-  the one described in case b2.
lated:
Entrainer selection rule AThe entrainer (E) should form
a heteroazeotrope (AzEA or AzEB) with one of the origi- 6. Conclusions
nal components (A or B) and/or a ternary heteroazeotrope
(AzEAB). A feasibility analysis for heteroazeotropic batch distilla-
Entrainer selection rule ZThe vertex of the original com-  tion with reflux of the entrainer-rich phase only is provided
ponent to be obtained in the still at steady-state (A or B) for the rectifier and the multivessel column. The analysis
should be connected with the steady-state reflux point of theis theoretical and based on the assumption of infinite re-

entrainer-rich phasé._g), with a distillation line in the di- flux/reboil ratios and infinite number of stages. Under these
rection of increasing temperature from the top of the column assumptions, only information coming from the distillation
to the bottom (I — A or Lg — B). line map and the binodal curve of the mixture is necessary

Among the two rules given above, rule 2 is the most im- for investigating feasibility. Two feasibility conditions were
portant for the feasibility of the separation task. Whenever proposed for this reason. The feasibility results provided the
a separation is infeasible, this rule is violated. Rule 1 is a necessary information for the formulation of two simple en-
necessary starting point for any heteroazeotropic batch dis-trainer selection rules that can be used for “screening” po-
tillation process. tential entrainers for the process. The entrainer selection task

These rules refer to the feasibility of the separation in for heteroazeotropic batch distillation with one-phase reflux
a rectifier or multivessel column (but not in column se- can then be easily done in a systematic way.
guences) in order to recover one of the original components
A or B with the entrainer-lean phase and the other compo-
nent B or A pure in the still. The possibility of recovering Notation
pure original component from the entrainer-lean phase is
not included in these rules. Moreover, the rules are valid for
heteroazeotropic distillation under mode Il in the rectifier 5,ap
and the multivessel column with reflux of the entrainer-rich
phase Lg only, and are independent of the separation strat- 5, a
egy A or B employed. Different reflux policies at the top of
the column, e.g. two-phase reflux, are governed by different 5 eap
feasibility rules, as those presented Rgdriguez-Donis et
al. (2001) AZEB

The entrainer selection rules are necessary but not suffi-
cient conditions for the feasibility of the process. The suc- g
cessful realisation of a theoretically feasible separation al-
ways depends on the specific characteristics of the mixture,
such as relative volatilities, azeotropic compositions, posi- ¢

light original component

binary azeotrope of the two original compo-

nents A and B

binary azeotrope of the entrainer and the orig-
inal component A

ternary azeotrope of the entrainer and the
original components A and B

binary azeotrope of the entrainer and the orig-
inal component B

heavy original component

final product in the decanter when strategy B
is implemented

. ; MPOST entrainer
tion of the binodal curve, curvature of the distillation bound- feed
aries, etc. _ . La entrainer-lean phase
The results iffables 1-Gelped us to formulate, in addi- Ly final product of the entrainer-lean phase in

tion to the entrainer selection rules, two guidelines that can
be used in order to “screen out” infeasible entrainers. -

Guideline 1 The entrainer (E) must not lead to the forma- L
tion of maximum azeotropes with any of the original com-
ponents (A or B).

Guideline 2 The entrainer (E) should preferably not lead
to the formation of a ternary saddle homoazeotrope.

Guideline 1 is a consequence of the infeasibility of cases
a7, a8, b7, b8 and c6. In all these cases, the entrainer (E)_
forms a maximum homoazeotrope (AzEA or AzEB) with
one of the original components (A or B) and the separation
is infeasible. Thus, such entrainers should be rejected.

Guideline 2 is a consequence of the analysis for cases
a4, a8, al0, b2, b4, b8, c3, c6 and_C7' In all these Caseﬁ:)uessel, R., Stichlmair, J., 1995. Separation of azeotropic mixtures
a ternary saddle homoazeotrope exists, but the process is py patch distillation using an entrainer. Computers and Chemical
feasible only in case b2. Thus, it seems reasonable to avoid Engineering S19, S113.

the decanter in cases a5, a6, a9, b5, b6 and c4
entrainer-rich phase

final product of the entrainer-rich phase in the
decanter in cases a5, a6, a9, b5, b6 and c4
still product at the end of the first step when
strategy A is implemented

saddle point of the distillation line map

stable node of the distillation line map
unstable node of the distillation line map
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