


A multiobjective optimization programming framework and trade-off are also

presented for further complete analysis.
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INTRODUCTION

Solvents are widely used as dissolving, separating, drying, and cooling
agents and as a reaction medium in chemical processing industries;
numerous examples of applications can be found in bulk chemical, spe-

35cialty chemical, and pharmaceutical industries, as well as solvent-based
industries (e.g., coating and painting). Solvents are essential in making
these chemical processes economically feasible; however, used or waste
solvents are a main source of pollution to air, water, and soil if they are
not properly controlled. In addition, generation of waste solvents norms

40economic performance because the formation of by-products or the loss
of raw materials reduces process yield and profit.

Increasing public awareness of environment, health, and safety issues
drives governments and regulatory agencies to tighten environmental
regulations and boost the number of new regulatory acts and laws. In a

45worst-case scenario (to chemical manufacturers but the best case for the
environment), specific solvents cannot be used in the near future due to
new regulations. One good example is the 1987 Montreal protocol
(Morrisette, 1989), which bans many chlorinated solvents because they
contribute to ozone depletion in the stratosphere.

50To conform to these new social and political trends, chemical process
industries have applied many innovative ideas and technologies to
minimize waste generation. The simplest one is to reduce pollutant
emissions below discharge standards by using the best available control
technologies. This approach can work fine for most cases, but it requires

55a heavy investment in new control technologies and does not tackle the
pollution-generating process itself. Recently, chemical manufacturers
have considered two challenges simultaneously: better economic perfor-
mance and more benign solvents and green processes. Therefore, the new
direction in solvent-related processes is to use reduced amounts of sol-

60vents and/or to use environmentally friendly solvents without sacrificing
process performance.

In this article we present a novel batch distillation process for pol-
lution prevention and waste minimization by recycling an in-process
solvent (i.e., valuable solvent) from waste solvents with the aid of a

65computer-designed mass separating agent that has better environmental
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performance. In short, we are proposing a coupled chemical and process
synthesis approach for pollution prevention in batch industry.

Acetonitrile (ACN) is a common industrial solvent in specialty che-
mical and pharmaceutical industries. For example, Mallinckrodt Che-

70micals (St. Louis, Mo.) consumes a large amount of acetonitrile to purify
peptide drugs in its liquid chromatography columns; however, a mixture
of acetonitrile and water, which forms an azeotrope, is generated as a
waste stream. Due to difficulties in separating the azeotropic mixture, the
waste solvent has been disposed of outside the plant. The disposal cost of

75this waste solvent and the purchase cost of fresh acetonitrile soar as
process capacity expands.

Separation Difficulties

A common way to separate azeotropic mixtures is to add an azeotropic
entrainer to break the azeotropic condition of the original mixture.

80However, separation of acetonitrile from water still remains a difficult
separation task even if an azeotropic entrainer is brought in. One of the
features of acetonitrile is that it forms low boiling-temperature azeo-
tropes with many organic chemicals that can be possible azeotropic
entrainers. In addition, water composes azeotropes with many of these

85organic chemicals. Table I shows three typical azeotropic entrainers for

Table I Binary and ternary azeotropes (in Mass %) of acetonitrile, water, and entrainers

Ternary Binary Reference

Acetonitrile 20.5 29 83.7 Smallwood (1993)

Water 6.4 6.3 16.3

Trichloroethylene 73.1 93.7 71

Boiling point (�C) 59 73.1 74.6 76.5

Acetonitrile 23.3 34 83.7 Smallwood (1993)

Water 8.2 9 16.3

Benzene 68.5 91 66

Boiling point (�C) 66 69.4 73 76.5

Acetonitrile 13 17 83.7 Smallwood (1993)

Water 5 4.6 16.3

Diisopropyl ether 82 83 95.4

Boiling point (�C) 59 61.7 62.2 76.5

Acetonitrile 83.7 Rodriguez-Donis

et al. (2001)

Water 14.3 16.3

Acrylonitrile 85.7

Boiling point (�C) 70.6 76.5
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the acetonitrile-water separation and their binary and ternary azeotropic
conditions.

Suppose that benzene is added as an azeotropic entrainer. Benzene
introduces one heterogeneous ternary azeotrope and three binary azeo-

90tropes (two of them are heterogeneous) to the acetonitrile-water system,
resulting in six distillation regions in a ternary diagram as shown in
Figure 1. A distillation region is a region where a feed composition can
produce the same product sequences in batch distillation. These dis-
tillation regions create a major barrier to obtaining desired products. For

95example, in distillation region I in which Mallinckrodt acetonitrile-water
mixture lies, the product sequence from the top of the distillation column
is a ternary azeotrope, an acetonitrile-water azeotrope, and pure water.
This means that in region I we cannot get pure acetonitrile. Theoretically
we can get pure water from this region as a residual bottom product in a

100normal batch distillation, but a ‘‘residual product’’ means low yield. The
distillation boundaries influence the difficulty of this separation task. As
a simplified ideal case, the distillation boundary lines, which connect the
lowest boiling point and the highest boiling point (i.e., vertices and
azeotropes) are shown to be linear in Figure 1. However, in real practice

105these boundaries are curved, making even highly pure water an impos-
sible goal in a conventional batch distillation column.

Figure 1. Ternary diagram of the acetonitrile-water-benzene system (in mole fraction).
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NewBatch Column Configuration and Campaign Design

Since adding an azeotropic entrainer to the acetonitrile-water mixture
introduces additional azeotropes that are thermodynamically very com-

110plex, azeotropic distillation is not a practical solution for obtaining pure
acetonitrile from water. Our approach for separating the acetonitrile-
water mixture starts with using sophisticated batch column configura-
tions and new mass separating agents, shown in Figure 2. This figure
shows three main batch column configurations. A batch rectifier in

115Figure 2(a) is a conventional batch distillation column, while the column
in Figure 2(b) is an inverted column of a rectifier, commonly called a
batch stripper. A third column configuration, Figure 2(c), is a middle
vessel column (Davidyan et al., 1994), which has both rectifying and
stripping sections embedded in it. A middle vessel column has great

120potential for performance and flexibility. However, including these
complex column configurations in a batch distillation synthesis problem
builds up the degree of process synthesis.

The proposed batch distillation process consists of two batch
distillation campaigns for relatively fast separation. Campaign I pro-

125duces pure water as a bottom product for direct disposal to sewers and
acetonitrile-water azeotrope as a top product. This campaign is very
inefficient in an ordinary batch rectifier because of heavy product
removal as a bottom product, and it is known that this case requires a
batch stripper or a middle vessel column (Sørensen and Skogestad,

1301996; Kim and Diwekar, 2000). The azeotropic mixture is then fed to
the second campaign in which an extracting entrainer, not azeotropic
entrainer, is continuously supplied to the distillation column, making

Figure 2. Batch column configurations; (a) rectifier, (b) stripper, (c) middle vessel column.
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it batch extractive distillation (BED). This campaign can obtain pure
acetonitrile, pure water, and a concentrated acetonitrile-water residue

135as well as pure entrainer. The acetonitrile composition in the con-
centrated acetonitrile-water residue is greater than its azeotropic
composition so that this residue can be used in a process that requires
low-grade acetonitrile solvent or can be recycled to the feed mixture in
either Campaign I or II.

140To devise the second campaign successfully, selection of effective
entrainers is critical. Only a low-boiling heterogeneous entrainer, acry-
lonitrile, for the acetonitrile-water separation has been reported by
Rodriguez-Donis et al. (2002) and Lelkes et al. (1998). Entrainer selection
can be realized by using computer-aided molecular design (CAMD)

145(Joback and Stephanopoulos, 1989; Gani et al., 1991; Kim and Diwekar,
2001a) and will be simultaneously integrated with batch extractive dis-
tillation. One of the main contributions of this article is to present the
integrated approach for entrainer selection and solvent (i.e., acetonitrile)
recycling in batch process for the first time. As entrainer selection is also

150closely related to batch column configurations, some feasibility issues on
the entrainer selection will also be described in this article. The coupled
approach is inherently a multiobjective optimization programming
(MOP) problem, so an MOP formulation and one trade-off example are
provided for further complete research.

155The rest of this article consists of four sections. The first section
describes an optimal batch column configuration, based on heuristics
derived from our earlier research (Kim and Diwekar, 2000) and Cam-
paign I operation in a middle vessel column. In the second section,
entrainer selection using CAMD and its integration with BED are

160described (Campaign II). Among the suggested candidate entrainers, two
distinctive entrainers, propyl amine and acetone, are proposed and
intensively compared. The third section presents a multiobjective opti-
mization problem for rigorous design and synthesis. The last section
summarizes this article and outlines future research interests.

165CAMPAIGN I:WATERPURIFICATION

Campaign I operation separates pure water from the acetonitrile-water
waste solvent for direct disposal of water to sewers. The acetonitrile-
water eluant for the liquid chromatography separation processes in
Mallinckrodt Chemicals has excess water so that the acetonitrile-water

170waste solvent has a low acetonitrile mole fraction. In addition, the pri-
mary product in Campaign I operation is pure water, which is a bottom
product. The pure water meets regulatory standards for direct disposal
for containing cyanide compounds.
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As described, the first step in batch distillation synthesis is to choose
175an optimal batch column configuration. General heuristics for selecting

an optimal batch column configuration were published by Kim and
Diwekar (2000), in which product purity, thermodynamic efficiency (Z),
N-feasibility, and R-feasibility are used as performance indices for col-
umn comparisons. Table II summarizes the best column configuration(s)

180under the four performance indices at low acetonitrile mole fraction in
the feed (xF,ACN).

The main goal of this campaign is to get high bottom product purity,
and hence a stripper or a middle vessel column is an optimal column
configuration. Considering the remaining performance indices together

185elicits a middle vessel column as the best column configuration. For
example, it is generally observed that a batch rectifier has a higher Z, which
represents how close a given process is to its ultimate performance;
however, at a moderate to high reflux ratio (i.e., R> 5), a rectifier and a
middle vessel column have similar values of Z. Therefore, in this case

190study, a very large or total reflux ratio is selected to keep high Z in a middle
vessel column. Another important way that a middle vessel column out-
performs a stripper for bottom product removal is product sequence in
batch distillation (the product sequence is described in the next section).
Through these heuristics, a middle vessel column configuration, which is a

195complex column, is chosen as an optimal column configuration.
Using a middle vessel column with five theoretical equilibrium stages

(N) at each top and bottom section, a batch stripping operation (i.e.,
infinite reflux ratio and finite reboil ratio) can produce highly pure water
as a bottom product. A rigorous middle vessel column model in Multi-

200BatchDS (BPRC, 1996; Diwekar, 1996; Kim and Diwekar, 2001b), a
professional multicomponent batch distillation simulation package, is
used to capture the dynamic behavior of this complex column. The
assumptions applied are constant molar flow rates and no heat balance.
The UNIFAC equation and Antoine parameters for vapor pressure are

205used to predict vapor-liquid equilibria.
Even though heuristics are applied to find an optimal batch column

configuration, a nonlinear programming (NLP) method is used to

Table II Optimal column selection using general heuristics

Index Optimal configuration

Bottom product purity Stripper � Middle vessel column

Z Rectifier�Middle vessel column

N-feasibility Rectifier�Middle vessel column

R-feasibility Stripper �Middle vessel column
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optimize continuous decision variables. The decision variables, such as
the reboil ratio (RB), bottom-section vapor flow rate (VB), and batch

210time (t), are determined by minimizing the disposal cost that corresponds
to maximizing the bottom product. The optimization problem is
formulated as:

min
RB;t;VB

� F� Sð Þ � CDP

tþ ts
ð1Þ

subject to

xB;avg;H2O � 0:998

xM;ACN � 0:60

xD;avg; ACN � 0:60

q0 ¼ VT=VB ¼ 1

220where CDP is the disposal cost of the acetonitrile-water waste solvent and ts
is a setup time of batch distillation preparation and shutdown. F and S are
the amounts of initial feed and feed remaining in the middle vessel in kmol,
respectively, and xB, xM, and xD are molar fractions in the bottom, middle,
and distillate products. The middle vessel composition criterion (xM) is set

225to 0.60 (i.e., 82 v/v %) because this volume fraction can be sufficient for
reuse of the acetonitrile solvent in some upstream processes. The xD,avg

constraint will be inactive when the xM constraint is met. Currently, the
effect of variations on vapor flow rates in the top and bottom sections of
the middle vessel column is not included (i.e., VT/VB ¼ 1).

230The composition paths for this optimal design operation are shown
in Figure 3, and the final results are summarized in Table III. The top
composition paths (xD) show the azeotropic composition, while the
middle vessel compositions (xM) are not constant. At the bottom, we can
get highly pure water for direct disposal. The overall recovery of water is

23585.6% when the optimal design has the following parameters: RB¼ 5.1,
VB¼ 77.8 kmol/hr, and t¼ 4.08 hr. The experimental recovery rate using
a batch rectifier was observed as 69.9% (Kim and Tomazi, 1999), and
thus this simulation result also supports the use of batch stripping
operation for this separation task.

240The remaining residue in the middle vessel, a mixture very close to its
azeotropic composition, can be further separated by continuously adding
an extracting entrainer, which is a part of Campaign II operation.
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CAMPAIGN II: ACETONITRILEPURIFICATIONBY ENTRAINER
SELECTIONANDACETONITRILERECYCLING

245As described previously, there is no simple way to separate the acetoni-
trile-water mixture due to thermodynamic complexity. Thus, this section
applies a computer-aided molecular design (CAMD) approach to design
an effective extracting entrainer that does not introduce any azeotropes
with either acetonitrile or water, making a batch extractive distillation

250(BED) process in a middle vessel column.

Figure 3. Composition paths of top, middle, and bottom products in Campaign I operation.
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Entrainer Selection

In general, entrainer selection is a two-step process. The first step is to
determine the boiling point range of an entrainer molecule, categorizing
the candidate as a low, intermediate, or high boiling-temperature

255entrainer. Comprehensive rules for selecting homogeneous entrainers in
this step were published by Rodriguez-Donis et al. (2001). Even though
these rules are valid for the batchwise feeding of entrainers, they can be
applied to the continuous feeding of entrainers to BED processes. In this
article a low-boiling entrainer is selected since a proposed entrainer

260should not introduce additional azeotropes to the system.
The second step, which is the key step in entrainer selection, is to

design entrainer molecules using CAMD for given property criteria. One
of the most important properties in distillation is relative volatility (a),
which is defined as:

a ¼ pvapA

pvapB

gA
gB

ð2Þ

where A is the more volatile component (i.e., acetonitrile in this study)
and B is the less volatile component (i.e., water in this study), g is the
activity coefficient, and pvap represents pure component vapor pressure
and is a function only of temperature. The a at azeotropic composition is

2701.0, and that of a close boiling-temperature mixture is generally less than
1.5. As the vapor pressure of a pure component is not affected by molar
composition, an extracting entrainer should change g to increase a. After
the entrainer feeds to a BED column, the binary system of acetonitrile-
water becomes a ternary system, and the a of this ternary system can be

275modified as shown in the following equation:

aS � pvapA

pvapB

g1AS

g1BS
ð3Þ

Table III Campaign I batch distillation result

Startup total reflux Finite RB

Component xD,avg xM xB,avg xD,avg xM xB,avg

Acetonitrile 0.6675 0.2235 0.0000 0.6675 0.6121 0.0006

Water 0.3325 0.7765 1.0000 0.3325 0.3879 0.9994

Amount

(kmol)

0.00 94.5a 0.00 0.00 32.2 62.3

aAfter holdup distribution of 100 kmol of feed.
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where S represents an entrainer molecule. The activity coefficient in
Equation (2) is now changed to an infinite dilution activity coefficient
(g1 ), which shows the maximum effect of g that might be obtained as the

280concentration of acetonitrile or water in the entrainer phase approaches
zero. By designing entrainer molecules, one can increase or decrease the
g1AS=g

1
BS ratio, resulting in aS change.

For easy entrainer separation from distillation products, the entrai-
ner should not present any azeotropes with either acetonitrile or water

285and hence the formation of azeotrope(s) must be checked. For the
acetonitrile-entrainer system,

a�SA ¼ pvapS

pvapA

� �
> g1AS ð4Þ

and for the water-entrainer system,

a�SB ¼ pvapS

pvapB

� �
> g1BS ð5Þ

290These conditions ensure that the entrainer does not form any azeotropes.
Another important property for extractive distillation is solvent power
(Sp), which represents solvent affinity for the solute and permits a
reduction of the amount of solvent required for BED, and is defined as:

Sp ¼
1

g1AS

MWA

MWS
ð6Þ

295where MW is molecular weight.
The solvent selection model, based on combinatorial optimization

that the authors developed (Kim and Diwekar, 2001a), is used to design
the best entrainer molecules. A more detail description of entrainer
selection using CAMD is explained in the Appendix.

300Finally, the entrainer selection problem can be formulated as follows:

max aS ð7Þ

subject to

g1AS � a�SA � 0
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g1BS � a�SB � 0

Sp � 4

30 � Tbð�CÞ � 56

1 � N1 � 12

1 � N2ðiÞ � 22; i ¼ 1; . . . ;N1

where N1 is the number of groups in an entrainer molecule, and N2(i) is a
310group index vector from Table IX in the Appendix. The minimum

number of groups can be 1 because a single-molecule group (e.g.,
methanol) is allowed in this case study. The maximum allowable tem-
perature is set to 56�C, as the azeotropic point of acetonitrile-water is
76�C. The difference of 20K can be enough to separate the entrainer

315from the distillate residue.
The candidate entrainers are shown in Table IV, where propyl amine

is the best entrainer molecule in terms of aS. It has the lowest g1BS value
among the proposed entrainers, and hence the aS of propyl amine is the
largest. Because the determination of azeotropes, based on the group

320contribution methods, has estimation errors and error propagation as
described in the Appendix, the formation of azeotropes must also be
verified through literature data. Of the eight entrainers in Table IV, four
cannot not be used due to azeotropic formation from verification with
experimental data (the current entrainer selection model misses these

325azeotropes). Even though acetone has the lowest value of aS, its inverse
value, 1/aS¼ 2.63, can be high enough to be used as an extracting agent.
But since its inverse value is used, we can expect that acetone provides a
different type of distillation boundary and different product sequences.

Table IV Entrainer selection result

No. Entrainer aS Sp(%) Tb(
�C) Azeotrope with

1 Propyl amine 5.78 32.3 44.7

2 Methanol 3.08 33.6 41.4 Acetonitrile

3 Methyl propyl ether 1.41 6.98 40.3

4 Methyl isopropyl ether 1.41 6.97 40.3 Water

5 Diethyl ether 1.34 4.53 40.3 Water

6 Methyl formate 0.89 11.7 33.4

7 Methyl acetate 0.48 4.28 53.2 Water

8 Acetone 0.38 4.64 48.9

12 K.-J. KIM ET AL.



Thus, two promising extracting entrainers, propyl amine and acetone, are
330suggested in this article and tested in a middle vessel column.

Batch Extractive Distillation

Entrainer: Propyl Amine. In order to analyze the distillation feasibility
and product sequence of thermally complex systems such as azeotropic,
extractive, and close boiling-temperature systems, residue curve maps

335developed by the pioneering work of Doherty and coworkers (Doherty
and Perkins, 1979; vanDongen and Doherty, 1985; Bernot et al., 1991)
are commonly used. A residue curve map shows liquid composition paths
remaining in a simple distillation over time, and it is a useful topological
tool for the analysis of the thermodynamic behavior of ternary or qua-

340ternary mixtures. It also reflects multicomponent phase equilibria and
stabilities of the fixed points (vertices and azeotropic points). Depending
on the convergence and divergence of residue curve maps, the stability on
a residue curve map involves terms such as stable or unstable nodes,
saddle points, and separatrices. Nodes and saddle points represent the

345local behavior of the system around the equilibrium points (i.e., pure
component points and azeotropic points), while separatrices are the
global behavior of these trajectories that pass through the equilibrium
points and provide a distillation barrier.

Figure 4(a) shows a residue curve map of the acetonitrile-water-
350propyl amine system. The stable separatrix, which is a limiting boundary

residue curve, makes a distillation barrier in the ternary diagram,
resulting in two distillation regions I and II. As the two products, acet-
onitrile and water, which are stable nodes in this ternary diagram, are
divided by this separatrix, both cannot be obtained at high purity in

355conventional single-run batch distillation. If a batch distillation column
at a high number of trays and infinite reflux ratio is operated, two highly
pure products can be separated in multiple batch distillation runs (i.e.,
sequences). Figure 4(b) shows possible product sequencing of this system.
Since the middle vessel residue from Campaign I distillation has an

360azeotropic (or very close to azeotropic) composition (F), a large amount
of entrainer is added batchwise to make a new feed point (F0), which
resides in distillation region I. For easy separation, the ratio of the
entrainer to the feed is generally greater than 10. From this new feed
point, the first top and bottom (D1 and B1) products are obtained, where

365the bottom product is pure water. The top product (D1) is now a new
feedstock for the second step operation in a stripper or a middle vessel
column, resulting in a pure entrainer (D2) and an acetonitrile-water
mixture (B2). The mole fraction of acetonitrile in B2 is slightly higher than
in the azeotropic composition.
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370If a stripper is used in Campaign II, the bottom product (B2) is
charged to the top still and becomes a new feedstock for the third,
resulting in an acetonitrile-water azeotrope (D3) and pure acetonitrile
(B3). This feedstock change requires an additional setup time for shut-
down and preparation for a new batch, and thus prohibits the use of a

375stripper. This is another important heuristic, derived from product

Figure 4. Residue curve maps (a) and product sequences (b) of the acetonitrile-water-propyl

amine system.
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sequence, that a stripper cannot be used in this BED synthesis problem.
Hence, if a middle vessel with a continuous feeding of entrainer is
implemented, seamless operation for all product sequences is possible to
obtain pure water, acetonitrile, and propyl amine.

380The extractive distillation operations in a middle vessel column can
be operated as shown in Figure 5, where there are four steps, including a
startup total reflux condition. The first step is a total reflux and total
reboil condition for startup without entrainer feeding. Propyl amine is fed
to the bottom section of the middle vessel column in Step 2, where the

385entrainer can increase aS and separate highly pure water as a bottom
product. In this step, the middle vessel column operates as a stripper. Step
3, where entrainer feeding stops, recovers propyl amine as a top product
and a waste cut as a bottom product. Now the system has only two
components, propyl amine and acetonitrile, such that Step 4 separates

390propyl amine and acetonitrile as top and bottom products, respectively.
The residue remaining in the middle vessel contains a highly concentrated
acetonitrile-water mixture that can be recycled to upstream processes
where highly pure acetonitrile is not required or can be mixed up with a
fresh acetonitrile-water feed mixture for redistillation. A particular

395operating condition is presented in Table V, and further optimization
could improve process performance.

The composition paths of BED in a middle vessel column are shown
in Figure 6, in which the first cut in the bottom product receiver is pure
water, and the second cut is pure acetonitrile. Figure 7 shows the com-

400position paths on the ternary residue curve map, where crossing the
distillation barrier by feeding an entrainer is observed, as explained in
Figure 4(b). By crossing the distillation barrier, two pure products that
are stable nodes can be separated.

The final amounts of products and recovery yields are summarized in
405Table VI. The removal rate of pure water at Step 2 is 97.8%, and the

removal of pure acetonitrile from Step 4 is 48.5%. The remaining residue
volume in the middle vessel is reduced to 33.3% of the original feed, and
its composition is 0.782/0.218, which corresponds to 91.2% volume
fraction of acetonitrile.

410Entrainer: Acetone. When acetone is used as an extracting entrainer, the
aS is quite a bit smaller than 1.0, but its inverse value, 2.63, is large
enough to be used in the BED process. In this case, acetone increases the
infinite dilution activity coefficient of water (g1BS) so that the first bottom
product will be acetonitrile. A residue curve map of the acetonitrile-wa-

415ter-acetone system is shown in Figure 8(a), in which a stable separatrix
has a different boundary shape. The distillation region II is convex,
whereas the acetonitrile-water-propyl amine system has a convex dis-
tillation boundary in the region I. As the distillation region II is convex
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and the vertex of acetonitrile is a stable node, the initial feed composition
420must be in this region in order to get three pure components, including

the entrainer (Figure 8(b)).
The operating conditions are summarized in Table VII. Step 1 is a

total reflux and reboil condition, and Step 2 is a stripping process in
which acetonitrile is the first cut bottom product, since distillation starts

425in region II. Step 3 produces a waste cut that may be recycled to upstream
processes or to fresh feed, and the last step produces pure water as a
bottom product. Acetone is recovered at the top from Step 2.

The composition paths are shown in Figure 9. The top and middle
vessel composition paths are very similar to those of the propyl amine

430entrainer case even though the operating conditions and product
sequences are different. However, the bottom composition paths of

Figure 5. Operational steps of batch extractive distillation in a middle vessel column.

Table V Operating condition for BED in a middle vessel column with propyl amine as

an entrainer

Step

1 2 3 4

R 1 1 20 20

RB 1 100 200 200

Batch time (hr) 2 145 60 245

Entrainer (kmol/hr) 2
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acetonitrile and water are reversed due to different product sequences.
Theoretically, one can obtain pure acetonitrile and water with 100%
recovery when either propyl amine or acetone is used as an extracting

435entrainer for BED in a middle vessel column. But the latter requires more
severe operating conditions (i.e., high R and RB and long batch time) and
purity specifications. A fluctuation in the bottom composition paths in
Step 4 is caused by the acetonitrile residue in the middle vessel after Step
3. If acetonitrile is not completely removed from the middle vessel at

Figure 6. Composition paths of batch extractive distillation in a middle vessel column.
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440Steps 2 and 3, the remaining acetonitrile tends to go down at Step 4 and
thus deteriorates water purity in the bottom product. This phenomenon
on can also be observed in Figure 10, in which the middle vessel path
should cross the separatrix and lie in region I after Step 2 or 3. But the
middle vessel composition paths are very close to the separatrix, and

445hence the water purity may not be high enough. The product savings and
yields are summarized in Table VIII. The recovery of pure acetonitrile is
68% (versus 48.5%) and pure water is 43% (versus 97.8%).

Figure 7. Composition paths on a ternary diagram; (a) Steps 1 and 2, (b) Steps 3 and 4.
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Cost-saving analysis for this integrated approach with propyl amine
or acetone reveals that at least several hundred thousand dollars can be

450saved per year as compared to disposal and makeup acetonitrile purchase
costs.

MULTIOBJECTIVE OPTIMIZATIONFRAMEWORK

The simultaneous heuristics and optimization approach presented a
feasible and better solution for the separation of thermodynamically

455complex systems. However, for robust operation, feed variabilities and
other feasibility indicators need to be optimized. Therefore, a simulta-
neous integration of entrainer selection and BED process is inherently an
MOP problem that involves multiple objectives. Possible objectives are:
(a) maximizing bottom product production (i.e., minimizing disposal

460cost), (b) maximizing column feasibility in terms of Nmin, and (c) mini-
mizing heat duty due to the nature of energy-intensive batch distillation.
The problem can be formulated as follows:

max
bottomproduction
feasibility
�heat duty

8<
: ð8Þ

subject to

aS � 2 or 1=aS � 2

Constraints of Equation (7) for entrainer selection:

x j
D � x j

D;spec for j ¼ 2; . . . ; 4 ðstepsÞ

x j
M � x j

M;spec

Table VI Product amounts and yields with propyl amine entrainer

Product 1 2 3 4 % Recovery

Distillate (kmol) 0.00 0.00 57.1 230.4 Pure propyl amine¼ 99.2%

Middle vessel (kmol) 79.5 340.5 277.3 20.3

Bottom (kmol) 0.00 29.0 6.00 24.2 Pure water¼ 97.8%

Pure acetonitrile¼ 48.5%
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x j
B � x j

B;spec

RLB;j
B � Rj � RUB; j

RLB; j
B � Rj

B � RUB; j
B

Figure 8. Residue curve maps (a) and product sequences (b) of the acetonitrile-water-acet-

one system.
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tLB � t j � tUB

VLB
T � VT � VUB

T

NLB
Top � NTop � NUB

Top

where LB and UB are lower and upper bounds of optimization variables.
The variables t, VT, and NTop are batch time, vapor flow rate in the top

480section, and the number of top stages, respectively. Vapor flow rate in the
bottom section, VB, is fixed in this problem formulation, and the total
number of stages, NT, is 40. Some additional variables such as entrainer
feeding point can be considered. In this problem the entrainer feeding
point is fixed at the one lower tray from the middle vessel since the lower

485boiling entrainer with the middle vessel can perform in high potency for
extracting acetonitrile from water mixture.

This multiobjective optimization problem is computationally very
intensive. Besides, the time-dependent nature of the process, considera-
tion of feed variabilities and other uncertainties and changing azeotropic

490composition according to a change in entrainers make this problem a
complex mixed-integer nonlinear MOP problem under uncertainty with
time-dependent decisions. Clearly this is a most challenging problem for
existing optimization techniques.

However, this MOP framework can provide various trade-offs
495necessary for a smooth and robust operation. To illustrate the usefulness

of the MOP framework for this problem, we are presenting trade-offs
between two objectives here. Figure 11 shows objective conflicts between
maximizing bottom production (acetonitrile þ water) and maximizing
N-feasibility for the propyl amine entrainer case. N-feasibility represents

500how well the current number of stages can perform the given separation
at the total reflux condition. Decisions on NTop coincidentally change the

Table VII Operating conditions for BED in a middle vessel column with acetone as an

entrainer

Step

1 2 3 4

R 1 1 20 20

RB 1 100 1 500

Batch time (hr) 2 230 140 350

Entrainer (kmol/hr) 2
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location of the entrainer feed point, which will affect the BED perfor-
mance. The average relative volatilities of 6.5 and 3.6 for distillation
regions I and II, respectively, are used to evaluate Fenske Nmin under

505total reflux and reboil operations, and then the resulting two N-feasibility
values are averaged. Generally it is observed that the distillation region
where the first feed is located requires larger Nmin values regardless of aS
values. This introductory figure mandates the use of an efficient multi-
objective optimization programming technique for further analysis of

Figure 9. Composition paths of the acetonitrile-water-acetone system.
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510entrainer selection and solvent recycling in a BED synthesis problem, and
this will be the focus of future work.

SUMMARY

This is the first article that presents a simultaneous integration of
entrainer selection and solvent recycling in batch separation processes for

Figure 10. Composition paths on a ternary diagram of the acetonitrile-water-acetone system.
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515thermodynamically complex systems such as azeotropic, extractive, and
close boiling-temperature systems. Before integrating, an optimal batch
column configuration must be chosen using heuristics and optimization,
as there are many alternatives in batch column configurations that pro-
vide different performance. Of those configurations, a middle vessel

520column is selected based on the heuristics developed by the authors and
the product sequence analysis. Two operating campaigns of batch dis-
tillation for the separation of acetonitrile-water waste solvent have been
proposed and analyzed. Campaign I concentrates the acetonitrile-water

Table VIII Product amounts and yields with acetone entrainer

Product 1 2 3 4 % Recovery

Distillate (kmol) 0.00 0.00 133.3 329.8 Pure acetone¼ 99.3%

Middle vessel (kmol) 79.5 493.5 360.1 16.4

Bottom (kmol) 0.00 46.0 0.03 13.9 Pure acetonitrile¼ 68%

Pure water¼ 43%

Figure 11. Trade-off between maximizing bottom production (kmol) and maximizing

N-feasibility.
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mixture waste by removing pure water as a bottom product in a batch
525stripping operation. In Campaign II, effective entrainers have been

designed using CAMD and continuously fed to the middle vessel column.
The BED processes with propyl amine and acetone, which are new pro-
cesses for acetonitrile recovery, are suggested and compared using residue
curve maps, product sequences, product purity, and yield. For complete

530analysis, an MOP problem is formulated and illustrated in terms of trade-
off between two objectives. Uncertainties in feed compositions should
also be included for robust design and synthesis. These uncertainties arise
because the concentration of acetonitrile typically varies over time and by
products. This integrated approach can be a very useful batch distillation

535synthesis tool for industrially important waste solvents.
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APPENDIX: COMPUTER-AIDEDMOLECULARDESIGNMODEL

The UNIFAC group contribution method is used to predict infinite
dilution activity coefficients that are used to estimate two key entrainer

590selection properties: relative volatility and solvent power. A total of 22
groups, shown in Table IX, were selected for this study, halogenated and
aromatic groups were excluded for environmental concerns.

To estimate boiling points of entrainer molecules, Joback’s group
contribution method (Reid, 1988) is used:

Tb ¼ 198þ
X

Db

where Db are group values of boiling point contribution.
For the determination of azeotropes between entrainers and either

acetonitrile or water, Equations (4) and (5) are used, and the two equa-
tions require entrainer vapor pressure as well as infinite dilution activity

600coefficients. The Cox-Antoine relation (Buxton, 1999), a function of
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critical temperature (Tc), critical pressure (pc), and boiling point (Tb) of
an entrainer, is used:

ln pvapr ¼ ln
pvap

pc

� �
¼ Tb � Cs

Tc � Tb

� �
T� Tc

T� Cs

� �
log pc ln 10

Cs ¼ �18þ 0:19Tb

where pvapr represents reduced vapor pressure. Critical temperature and
605pressure can also be estimated by Joback’s group contribution methods

(Reid, 1988):

Tc ¼ Tb 0:584þ 0:965
X

DT �
X

DT

� �2
� ��1

pc ¼ 0:113þ 0:0032nA �
X

Dp

h i�2

where nA is the number of atoms in an entrainer molecule, and DT and Dp

610are temperature and pressure group contributions, respectively.
Since the entrainer vapor pressure is based on Tb, Tc (which is also

based on Tb in this article), and pc, the estimated vapor pressure and
azeotrope determination are highly dependent on the accuracy of these

Table IX Groups for entrainer design

i Group i Group i Group i Group i Group i Group

1 CH3 2 CH2 3 CH 4 CH 5 OH 6 CH3OH

7 H2O 8 CH3CO 9 CH2CO 10 CHO 11 CH3COO 12 CH2COO

13 HCOO 14 CH3O 15 CH2O 16 CH-O 17 COOH 18 CH3CN

19 COO 20 CH3NH2 21 CH2NH2 22 CNH2

Table X Azeotrope determination of the ACN (A)-Water (B)-Methanol (S) System

Estimation Experiment

Entrainer Tb (K) 314.6 337.7

Entrainer Tc (K) 475.7 512.6

Entrainer pc (bar) 67.0 80.9

a*SA 4.30 1.85

g1AS 2.45 2.45

Azeotrope ? No Yes
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properties and may not be accurate enough to determine the azeotrope
615formation due to estimation error propagation. Table X shows one

example of discrepancy between estimated and experimental values.
To handle uncertainty, in property estimation errors in CAMD

approaches, one may use a method of CAMD under uncertainty
(Kim and Diwekar, 2001a) or use experimental data for an additional

620azeotrope verification.
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