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One of the environmental challenges faced by the pharmaceutical and specialty
chemical industries is the widespread use of organic solvents. With a solvent-based
chemistry, the solvent necessarily has to be separated from the product. Chemical species
in waste-solvent streams typically form multicomponent azeotropic mixtures, and this
often complicates separation and, hence, recovery of solvents. A design approach is
presented whereby process modifications proposed by the engineer to reduce the forma-
tion of waste-solvent streams can be evaluated systematically. This approach, called
solvent recovery targeting, exploits a recently developed algorithm for elucidating the
separation alternatives achievable when applying batch distillation to homogeneous
multicomponent mixtures. The approach places the composition of the waste-solvent
mixture correctly in the relevant residue curve map and computes the maximum amount
of pure material that can be recovered via batch distillation. Solvent recovery targeting

is applied to two case studies derived from real industrial processes.

Introduction

Increasingly aggressive legislation and growing concern
over environmental impacts are motivating the chemical
manufacturing industry to reassess their current operations.
The traditional approach has been to employ ever more so-
phisticated end-of-pipe treatment technologies. More re-
cently, the more forward looking policy of pollution preven-
tion has been adopted: defined by the U.S. Environmental
Protection Agency as ‘“‘the use of materials, processes, or
practices that reduce or eliminate the creation of pollutants
or waste at the source” (Freeman et al., 1992). Experience
indicates that, on average, about 80% of emissions from
chemical facilities are generated by 20% of the sources
(Chadha and Parmele, 1993). It is therefore important to
identify and focus on the major contributors.

One of the many challenges faced by the pharmaceutical
and specialty chemical industries is the widespread use of or-
ganic solvents. Solvents are used in a broad spectrum of unit
operations ranging from reaction and separation to product
washing and equipment cleaning. Many solvents are being
phased out of products and processes for environmental and
health reasons (Kirschner, 1994). For example, cleaning sol-
vents are relatively easy to change or eliminate (Heckman,
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1991). On the other hand, solvents in process reactions are
much more difficult to substitute, because most process sol-
vents influence the character of the reaction product
(Kirschner, 1994). With a solvent-based chemistry, the sol-
vent necessarily has to be separated from the product stream.
Although intermediate storage may be required before the
solvent can be recycled to subsequent batches, this should be
preferred to disposal of the solvent as toxic waste.

Chemical species in waste-solvent streams generated by
these industries typically form multicomponent azeotropic
mixtures. This highly nonideal behavior often complicates
separation and, hence, recovery of the solvents. The pollu-
tion-prevention strategy developed in this article is based on
understanding and mitigating such obstacles. A simple batch
process consisting of a reactor and a rectifier is presented in
Figure 1 to illustrate the procedure. Although simple, the
problems encountered in this flowsheet are representative of
the class of processes studied in this work. Component R
reacts to form product P and byproduct BP. R is exhausted
by the reaction, BP is undesired and is treated as organic
waste, while it is desirable to recover and recycle the solvent
S. The feasibility of distilling the ternary mixture P, BP, and
S can be determined from a study of the relevant ternary
residue curve map (see Figure 1b). S and BP form a maxi-
mum boiling binary azeotrope S-BP. As a consequence, only
one of the species S and BP can be recovered in pure form.
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Figure 1. (a) Simple process consisting of a reaction task and a separation task; (b) residue curve map for the

mixture leaving the reactor.

The two possible distillation sequences are (1) S —» S-BP — P;
(2) BP - S-BP — P, depending on the initial composition in
the reboiler. If alternative 1 is chosen, pure S is recovered
and can be recycled to the subsequent batch. However, the
binary azeotrope S-BP will have to be disposed of, as it is the
only means by which BP can be removed from the system.
Hence, extra solvent has to be added to the process with ev-
ery batch, and subsequently disposed. On the other hand, al-
ternative 2 will result in recovery of nearly pure BP, which is
also subject to disposal, while the binary azeotrope can be
recycled to the subsequent batch. Alternative 2 obviously
provides environmental benefits over alternative 1, because
nearly all of the solvent is recovered and recycled. Some or-
ganic waste (BP) is generated, but this is a result of the stoi-
chiometry and is unavoidable without altering the chemistry.
In conclusion, this analysis has revealed that the final reac-
tion mixture should ideally have a composition that is located
in the region bounded by BP, S-BP, and P. This can be
achieved in principle by adjusting the amount of solvent added
to the reactor during startup before cyclic steady state is
reached. Before implementation in plant, the impact of recy-
cling BP through the S-BP azeotrope on the reaction kinet-
ics must also be analyzed.

As demonstrated in the above example, the sequence of
pure component and azeotropic cuts generated by batch dis-
tillation of a multicomponent azeotropic mixture, and the
maximum feasible recovery in each cut, is highly dependent
on the initial composition of the mixture. Any species that is
recovered in azeotropic cuts that cannot be recycled is likely
to leave the process and be treated as toxic waste. The ability
to predict the feasibility of recovering components in pure
form from a process stream is therefore essential to pollution
prevention in these manufacturing systems. This work pre-
sents a rapid and automated approach to generating this pre-
diction, assuming that batch distillation is the separation
technology employed. The use of batch distillation as a multi-
purpose separation operation is typical in the industries con-
cerned, and economics and simplicity of control make batch
distillation one of the most attractive methods for solvent re-
covery (Hassan and Timberlake, 1992).

The approaches currently available to obtain such predic-
tions, such as, test runs in pilot plants or detailed dynamic
simulation studies are typically very elaborate and time con-
suming. On the other hand, Van Dongen and Doherty (1985)
show that the desired information can be readily extracted
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from the residue curve map that is characteristic of simple
distillation. Ahmad and Barton (1996) extend and generalize
the theory for ternary and quaternary residue curve maps to
systems with an arbitrary number of components. These theo-
retical results prompt us to develop systematic and general
tools for the design of batch processes with minimum waste.

In this article, the algorithm for characterizing the batch
distillation composition simplex for a system with an arbitrary
number of components developed by Ahmad et al. (1998) is
exploited in a sequential design strategy where process
streams or mixed waste-solvent streams are analyzed for max-
imum feasible solvent recovery using a targeting approach.
This procedure is termed solvent recovery targeting. Solvent
recovery targeting yields an understanding of the barriers to
solvent recovery created by a particular design, such as the
existence of a particular azeotrope in solvent mixtures. This
information can then be used to modify the design, aiming at
enhanced solvent recovery and recycling.

Approach

For a given base case, solvent recovery targeting, given the
composition of the mixture(s) to be separated, will predict
the correct distillation sequence and calculate the maximum
feasible recovery of each product cut in the sequence. It can
further provide information about all other feasible distilla-
tion sequences involving the same set of pure components.
This information is used to evaluate the feasibility of enhanc-
ing solvent recovery in the proposed flowsheet. If necessary,
the original design is modified, and the targeting approach is
next applied to the new process streams to evaluate the mod-
ifications. The general structure of solvent recovery targeting
is outlined in Figure 2. Analyzing the stream for maximum
recovery involves two tasks: (1) locating the stream composi-
tion in the correct batch distillation region; and (2) calculat-
ing the amounts recovered in each product cut. In the subse-
guent sections the different steps are described.

Local Initial Composition

Ahmad and Barton (1996) explore the structure imposed
on the composition simplex (residue curve map) of a homoge-
neous multicomponent system describing batch distillation by
the presence of azeotropes. This structure can be visualized
by dividing the simplex (regular simplex) into a series of dis-
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Figure 2. Solvent recovery targeting.

tinct batch distillation regions. All initial compositions within
a particular batch distillation region will result in the same
sequence of product cuts, and these cuts will have composi-
tions close to pure components or azeotropes. Each batch
distillation can therefore be characterized by a product sim-
plex. The product simplex is also a regular simplex with the
same dimensions as the composition simplex itself.

Let B represent a batch distillation region for an nc com-
ponent mixture, while TI"® refers to the corresponding prod-
uct simplex formed from nc fixed points. II"¢ is a (nc —1)-
geometric simplex and defined by Eq. 1.

nc—1
H”°={XER”°:X= fup; fx=0Vk=0, ..., nc—1
k=0
nc-—1
and ) fk=1} (1)
k=0
where f,, Yk=0, ..., nc—1 are barycentric coordinates. The

element p,; represents the molefraction of pure component i
in product cut k in the nc vector p,.

Let P={py, Pi ---» Pnc—1} represent the sequence of
product cuts resulting from any composition located in batch
distillation region B. From the definition of batch distillation
regions (Ahmad and Barton, 1996), it follows that if the ini-
tial composition of interest (x™°) is located in batch distilla-
tion region B, it must also be located in product simplex IT"®
formed from the nc fixed points in P. Hence, it is necessary
that x PO satisfies Eq. 2 with respect to IT":

nc—1 nc—1

x= Y fpe; fk=0¥k=0,...,nc—1 and ) f,=1
k=0 k=0
(2

Physically, the scalars f, represent the fractions of xP°
that will be recovered in each product cut using batch distil-
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lation under the limiting conditions. The fact that both x P°
and the set of points {p, Yk =0, ..., nc —1} lie in the hyper-
plane ¥, x; =1 implies that the criterion Y, f, =1 is sat-
isfied. If one or more f, =0, this implies that x"° lies on
one of the faces of II"°.

Any composition in the composition space will yield a
unique product sequence. However, since the batch distilla-
tion regions fill the composition simplex, and a product sim-
plex will either coincide or be larger than its batch distillation
region, two or more product simplices can possibly intersect.
In that case, two or more product sequences will satisfy Eq. 2
for the same initial composition. In general, applying Eq. 2 to
initial composition xP° may yield three different outcomes
depending on the location of xP°:

(1) One of the product sequences satisfies Eq. 2. Hence,
there is only one positive product simplex, and, consequently,
the correct product sequence is found.

(2) More than one product sequence satisfies Eq. 2, and
the product sequences found will produce the same unstable
node in the first cut.

(3) More than one product sequence satisfies Eq. 2, and
the product sequences found will give us rise to different un-
stable nodes in the first cut.

To illustrate the possible outcomes, consider the ternary
system in Figure 3a. The system has four batch distillation
regions and therefore four product sequences, represented
by P, ={m1, n1, n3}, P, ={m1, n2, q1}, P; ={m2, n2, g1}, and
P,={m2, n3, q1}. P, and P, have the unstable node m1l in
common, while P; and P, have m2 in common. Product sim-
plex II? intersects product simplices 113, I3, and II3. The
intersections are represented by the domains 2a, 3a, and 4a,
respectively. If xP° is located in domains 1, 2b, 3b, or 4b,
outcome 1 above will result, if x™° is located in domain 2a
outcome 2 above will result, and if x™° is located in domains
3a or 4a outcome 3 will result. If outcome 2 or 3 is encoun-
tered, further examination is required in order to determine
the correct product sequence.

Product sequences that have an unstable node in common

Consider the ternary system in Figure 4. The system has
four batch distillation regions (see Figure 4b). Hence, four
product simplices can be generated, defined by II3:P,=
{m1,n1,n3}, II3:P, ={m1,n4,q1}, I3:P;={m1,n3,n4}, and
I13:P, ={m1,n2,n4} as indicated in Figure 4c. They all have
the unstable node m1 in common. One of the facets of II3
intersects the stable separatrix connecting the binary
azeotrope n4 and the ternary azeotrope at the point t. The
composition simplex can therefore be divided into five do-
mains (see Figure 4d). When applying Egs. 2, five possible
scenarios can take place depending on the location of the
initial composition. The different scenarios are summarized
in Table 1.

Correct prediction of the true product sequence can be
confirmed by placing x™° anywhere in the composition space,
and then drawing a straight line through xP° and m1. The
pot composition path will move along this line away from m1
until it encounters a pot composition boundary [see Ahmad
and Barton (1996)]. In scenario 3 the pot composition path
intersects the pot composition boundary connecting n4 and
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Figure 3. Ternary system with intersecting product sim-
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plices.
(a) Simple distillation residue curve map; (b) batch distilla-
tion regions; (c) product simplices; (d) intersecting domains.

Figure 4. Ternary system with intersecting product sim-

plices.

(a) Simple distillation residue curve map; (b) batch distilla-
tion regions; (c) product simplices; (d) intersecting domains.
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Table 1. Possible Scenarios When Testing for Positive
Barycentric Coordinates

Location Positive True Product
Case of xP0 Product Simplex Sequence
1 B, 3 P,
2 B,a I3, 13 P,
3 B,, s, ms P,
4 B, 1§ P,
5 B, m P,

g1, as illustrated by Figure 5. The point of intersection is x*2.
Further, the line can be extended until it intersects the pot
composition boundary connecting n3 and n4 at x°. The true
product sequence is the set of fixed points P resulting from
the batch distillation region that contains the active pot com-
position boundary, defined as the pot composition boundary
that is encountered first. Product simplex boundary I1"°~? of
product simplex I1"° is the facet opposite the unstable node
Py, and will be used to approximate the pot composition
boundary, in the same manner product simplices are used to
approximate batch distillation regions. II"°~?! is defined by
nc —1 vectors formed from the nc—1 fixed points that re-
main when the unstable node is removed from P. Since it is
assumed that the pot composition boundary is linear, that is,
either located on a facet, or on a stable dividing boundary
and the fixed points located on the pot composition boundary
lie on a hyperplane, this approximation is an accurate repre-
sentation of the actual distance. Obviously, if the number
of fixed points located on the pot composition boundary is
equal to nc —1, the pot composition boundary is linear and
equal to the corresponding product simplex boundary. In the
case that the number of fixed points on the pot composi-
tion boundary is greater than nc —1, the approximation may
result in an overestimation of the distance. This is because
the product simplex either coincides or is greater than its
corresponding batch distillation region. However, an overes-
timation of the distance implies that the pot composition

n1,T3

n3,T3 n2,T3

x!b n4,T153

Figure 5. True product sequence is determined by the
active pot composition boundary.
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Figure 6. ldentification of active product simplex
boundary.

boundary is smaller than its corresponding product simplex
boundary, and, hence, the batch distillation region is smaller
than its corresponding product simplex. Therefore, it is not
the active batch distillation region.

Figure 6 shows a product simplex for a quaternary mixture
projected into R2. The relation to the origin (x=(0, 0, 0,
0)") is indicated for clarity. The initial composition is defined

by

nc—1
xPO=fopo+ 2 fip=fopy+(1—fH)xP! 3)
k=1
where f, Yk €{0, ..., nc —1} are the barycentric coordinates

from Eq. 2.

The intersection with the product simplex boundary (de-
fined by p;, p,, and p,) at x™! can be expressed in terms of
the relative distance «, the number of times we need to take
the vector (xP° — p,) in order to get from p, to xP*.

xPt=po+a(xP°—py) 4)

Combining Eqgs. 3 and 4 results in a simple relationship
between « and f,

i ®)

Hence, the relative distance to the product simplex bound-
ary can be measured in terms of the barycentric coordinate
fo for the first product cut. The larger « is the further away
from the initial composition is x™!. In order to determine
the true product sequence, it is therefore sufficient to com-
pare the barycentric coordinates f§ for the positive product
simplices. The true product simplex is thus TI"° for which

f& = min{ f§ Vs € {positive product simplices}}  (6)
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Figure 7. ldentification of true product sequence.

If Eq. 6 does not give a unique minimum such as, f$ = f
Vs e{positive product simplices}, then either the product
simplex boundaries for the positive product simplices are lo-
cated on the same facet, or on the stable dividing boundary
and the stable dividing boundary is linear (that is, the fixed
points in the common unstable boundary limit set are located
on a hyperplane). In either case, the product simplex bound-
aries intersect, in the same manner product simplices may
intersect. In order to determine the true product sequence,
Eq. 6 has to be replaced by replacing f; with f; and so on,
until a unique sequence is found.

Product sequences that do not have an unstable node in
common

Clearly, this behavior can be observed only in a system with
two or more unstable nodes, and, hence, a stable dividing
boundary. The correct product sequence is the one for which
the unstable node lies on the same side of the stable dividing
boundary as the initial composition. Consider Figure 7. The
stable dividing boundary is composed of the straight lines be-
tween n3 and gl and n2 and ql.

Both product simplices 1 and 4 will generate positive
barycentric coordinates when applying Egs. 2 to the initial
composition x 0, although xP° is truly located in batch dis-
tillation region 4. The correct product sequence can be deter-
mined by drawing straight lines through x”° and each of the
unstable nodes, and extending these lines until they intersect
the respective pot composition boundaries of batch distilla-
tion regions 1 and 4 (x* and x*°). The line from x™° to the
intersection represents the path the pot composition orbit
would travel during distillation of the first product cut (with
composition equal to the relevant unstable node). Observe
that the line from x™° to x*" also intersects the line con-
necting n3 and g1, which is part of the stable dividing bound-
ary, at x*2. The path from xP? to x® is therefore infeasible,
and x™° cannot give rise to sequence {m1,n1,n3}.

Figure 8 shows product simplex 1 and the stable dividing
boundary extracted from Figure 7. The stable dividing
boundary can be divided into two pot composition bound-
aries, approximated by product simplex boundaries I2:p,=
{n2,q1}, and II3:P, ={n3,q1}. Also note that two 2-simplices
(aand b) have been constructed by adding the unstable node
m1 to the sets P, and P,. We can therefore find the relative
distance (a.y,) (see Figure 9), the number of times we need
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Figure 8. Construction of additional simplices.

to take the vector (x”° —m1) in order to get from xP° to
the stable dividing boundary simply by computing the
barycentric coordinates for the two simplices with respect to
xP% and applying Eq. 5. The relative distance from x"° to
the pot composition boundary in batch distillation region 1
(@ppp), Which is approximated by the product simplex bound-
ary formed by P ={n1,n3}, can be computed in a similar
manner. If the relative distance from xP° to the stable divid-
ing boundary is smaller than the distance to the pot composi-
tion boundary in batch distillation region 1, the path from the
initial composition to the pot composition boundary will in-
tersect the stable dividing boundary. Since xP° is located in
simplex a and in product simplex 1, f, computed for simplex
b will be negative. It is, therefore, not necessary to compute
agyp for simplex b since a negative f, implies that the pot
composition would have to travel backwards to intersect TIZ.

The general procedure goes as follows: let x3 and x3
represent the two unstable nodes in the system, and let xP°
represent the initial composition. agy, represents the relative
distance from the initial composition to the stable dividing
boundary, and o i represents the relative distance from the

pps
initial composition to the product simplex boundary of a pos-

nl,Té

Figure 9. Calculation of relative distance from initial
composition to intersection.
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Figure 10. Strategy for predicting correct product se-
quence.

itive product simplex. The superscript m; refers to unstable
node m;. The fixed points on the stable dividing boundaries
are the points in ©"¢ (X§_ y«y,), the common unstable
boundary limit set (which can be extracted from the bound-
ary limit sets constructed by the algorithm of Ahmad et al.

(1998)).

(1) Dividing @"® (xf, , X} ) into sets of nc — 1 points which
each define a product simplex boundary. The product sim-
plex boundaries will be used to approximate the stable divid-
ing boundary.

(2) For each unstable node:

(a) Construct sets of nc points by combining the unsta-
ble node with each of the sets of nc —1 points. Each set of
nc points define an (nc — 1)-simplex.

(b) For all the simplices (both the positive product sim-
plex and the new simplices), compute the barycentric coordi-
nates by applying Egs. 2 to xP°.

(c) Finally, compute agy, and ap, using Eq. 5. Alter-
natively, apply Eqg. 6, where s now is the set of simplices
(both the original positive product simplex and the new sim-
plices) containing the same unstable node and which have
positive barycentric coordinates.

(d) If any agy), < apph, then x° is not in the batch dis-
tillation region giving rise to x’r‘;]i in the first cut.

The overall strategy for predicting the correct product se-
quence is summarized in Figure 10.

Calculating Maximum Recovery

Once the correct product sequence has been found, the
fractions of the initial mixed-solvent stream recovered in each
cut must be calculated. Of course, if some of the species are
very close boiling, we may not be able to achieve good sepa-
ration no matter how many trays the column has, and no
matter how high reflux ratio the column operates at. How-
ever, for the purpose of this work, we assume that sharp splits
are always obtained. This will give us the theoretical maxi-
mum flows and, hence, targeting.
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Figure 11. Composition simplex with batch distillation
regions for the ternary system.

The amounts recovered in each cut can be computed by
solving a simple material balance for each of the components
present

nc—1
FPO= Y Fop; Fe=0Vk=0,...nc—-1 (7)
k=0

F,"0 is the total number of component i initially in the re-
boiler, and F, is the total number of moles recovered in
product cut k. The material balance confirms that X3¢ 'F, =
e FPO=FP0 Hence, we have nc equations and a set of
nc unknowns (Fy, Fy, ..., F._1), and the system is therefore
fully defined. Division by FP0 results in equations similar to
form to Eq. 2. The recovered fractions are in fact the
barycentric coordinates f, Vk=0, ..., nc—1 already com-
puted for locating the feed composition.

Ternary Example

The presented procedures for locating a stream composi-
tion and computing maximum recovery were applied to sev-
eral ternary mixtures involving the same three components.
The composition simplex with the batch distillation regions is
shown in Figure 11, the composition of the fixed points in the
ternary system can be found in Table 2, and the unstable
boundary limit sets are listed in Table 3. The four product
sequences in the system are listed in Table 4.

Three different stream compositions were tested: le,o =
[0.2,0.2,0.6]", x°=[0.5,0.2,0.3]", and x$°=[0.2, 0.4, 0.4]".
The barycentric coordinates were computed for each compo-

Table 2. Fixed Points in Ternary System

e A B C
A 1 0 0
B 0 1 0
Cc 0 0 1
AB 0.5 0.5 0
BC 0 0.6 0.4
ABC 0.3 0.2 0.5
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Table 3. Unstable Boundary Limit Sets

Table 4. Product Sequences in Ternary System

e @"(x¥) b Product Sequence
A C, AB, BC, ABC 1 {A, C,BC}
B AB, BC, ABC 2 {A, AB, ABC}
C BC 3 {B, AB, ABC}
AB ABC 4 {B, BC, ABC}
BC ABC
ABC 0

sition point by applying Eq. 2 to the four constructed product
simplices (I3, II3, II3 and I12). The values are listed in Table
5.

Composition point xl"'0 results in positive barycentric co-
ordinates for product simplex II? only. Hence, the correct
product sequence is P, ={A, C, BC}. The amounts recovered
in each product cut can be extracted directly from Table 5.
fa is equal to 0.2, fgc is equal to 0.47, and fgc is equal to
0.33.

Composition point xzp'0 results in positive barycentric co-
ordinates for both product simplex II$ and II3. The respec-
tive product sequences share the same unstable node (A).
We therefore need to determine which batch distillation re-
gion (B, or B,) contains the active batch distillation bound-
ary.

The relative distance to the boundary may be computed
using Eq. 5. Alternatively, Eq. 6 may be applied directly to
the barycentric coordinates for the first product cut. From
Table 5, we find that i = 0.5, while f2 =0.24. Consequently,
batch distillation region 2 contains the active batch distilla-
tion boundary, and xz"'0 will give rise to product sequence
P, ={A, AB, ABC}. The fractions recovered of each product
cut can be extracted directly from Table 5. f, is equal to
0.24, fog is equal to 0.16, and f,gc is equal to 0.6.

Composition point x?f"o results in positive barycentric co-
ordinates for both product simplex II3 and IIS. The respec-
tive product sequences do not share the same unstable node.
Product sequence P; has pure component A as its first prod-
uct cut, while product sequence P, has pure component B as
its first product cut. We therefore need to determine which
batch distillation region (B, or B,) has the unstable node on
the same side of the stable dividing boundary as stream com-
position x?f”o. This is done by performing the steps in the
previous section.

The common unstable boundary limit set is determined
from Table 3 (Ahmad et al., 1998)

©“(A, B) = {C, AB, BC, ABC} N {AB, BC, ABC}
={AB, BC, ABC} (8)

The stable dividing boundary is approximated by the two
product simplex boundaries ﬁg defined by 52 ={AB, ABC},
and 115 defined by P,={BC, ABC}. First, two new 2-sim-
plices are generated by adding A as the first vertex, defined
by the vertices S,={A, AB, ABC}, and S,=1{A, BC, ABC}.
The barycentric coordinates are computed for these new sim-
plices for x£:°. The values are shown in Table 6.

Simplex a has some negative barycentric coordinates. We
therefore only need to compute the relative distances agj, ,
and ap’,ﬁb. This is done by applying Eq. 5

1
st b = Tooor 11 (9
gy = 755 =125 (10)

g < agpp- Hence, 20 is not located in batch distilla-
tion region 1. Consequently, it must be located in batch distil-
lation region 4. For completeness, the procedure is repeated
for unstable node B.

Two new 2-simplices are generated by adding unstable node
B as the first vertex, defined by the vertices S,=[B, AB,
ABC}, and S, ={B, BC, ABC}. The barycentric coordinates
are computed for these new simplices for x3p’°. The values
are shown in Table 7.

Simplex ¢ has some negative barycentric coordinates. We
therefore only need to compute the relative distances ag, 4
and apob. This is done by applying Eq. 5

Table 5. Barycentric Coordinates

s I3 I3 I
fA fC fBC fA fAB fABC fB fAB fABC fB fBC fABC
xp° 02 047 033 -012 —0.08 1.2 012  —0.32 1.2 —-0.11 0.44 067
x$0 0.5 0.17 0.33 0.24 0.16 0.6 —0.24 0.64 0.6 0.22 —0.89 1.67
x0 02 013 067 —0.28 0.48 0.8 028  —0.08 0.8 0.22 011 067
Table 6. Barycentric Coordinates for x§° Table 7. Barycentric Coordinates for x§°
m Simplex a Simplex b I Simplex ¢ Simplex d
fA fC fBC fA fAB fABC fA fBC f;’-\BC fB fBC fABC fB fAB fABC fB fBC fABC
xf° 02 013 067 -028 048 08 0.091 055 0.36 x$° 022 011 067 028 —008 08 022 011 0.67
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C,T3 >

Figure 12. Locations of the composition points in the
composition simplex.

alp o= T o~ 128 (11)
1
@B =— " =128 (12)
PP 1 _0.22

5o that agy, 4 = apyy,. Hence, the result above is confirmed.
The fractions recovered in each product cut can be extracted
directly from Table 5. fg is equal to 0.22, fg- is equal to
0.11, and f,gc is equal to 0.67. For clarity, the locations of
the composition points in the composition simplex are shown
in Figure 12.

Example: Siloxane Monomer Process
Base case

Solvent recovery targeting is applied to the production of a
siloxane based monomer in a single campaign (Figure 13).
The process consists of several sequential reaction steps. Sol-
vents and reaction by-products are separated from products
through batch distillation. Further details concerning the

process can be found in Allgor et al. (1996). The different
unit operations were simulated using ABACUSS [ABACUSS
(Advanced Batch and Continuous Unsteady-State Simulator)
Process Modeling Software, a derivative work of gPROMS
Software)]. The azeotropic behavior was approximated using
the Wilson model to calculate the activity coefficients [see,
for example, Reid et al. (1987)]. Binary parameters were ex-
tracted from Aspen Plus (Aspen Technology, 1995). Missing
binary parameters were estimated using the UNIFAC group
contribution method (Fredenslund et al., 1977) as imple-
mented in Aspen Plus (Aspen Technology, 1995). Binary pa-
rameters for the pairs involving the nonstandard components
R2, C, E, A, and D can be found in Ahmad (1997). R1 repre-
sents allyl alcohol. The vapor phase was assumed to be ideal.
A batch size of 780 kg of product (A+ D) was used as a basis
for the simulations.

There are two mixed waste-solvent streams generated in
the process. Firstly, the stream leaving overhead from the first
rectifier contains large amounts of toluene (T) and methanol
(M), about 23% of the reactant R1, and small amounts of the
intermediate E. The composition simplex for this system di-
vided into batch distillation regions is presented in Figure 14.
E is not included as there is very little of this intermediate
present in the stream. Also, E does not form an azeotrope
with any of the other components. The mixture exhibits a
low-boiling binary azeotrope between methanol and toluene
(M-T), and a low-boiling binary azeotrope between toluene
and R1 (R1-T). There are three batch distillation regions
present, each resulting in different product sequences with
three cuts: P, ={M-T, M, R1}, P, ={M-T, R1-T, R1}, and
P, ={M-T, R1-T, T}. In this case the generated product sim-
plices coincide with their respective batch regions. The initial
composition places the stream in region 3. At the limit, 28%
or about 2.4 kmol will be recovered as the methanol-toluene
azeotrope, 34% or about 2.95 kmol as the R1-toluene
azeotrope, and 38% or 3.3 kmol as pure toluene. Hence, only
toluene can possibly be recovered as a pure component. Pro-
vided that the fraction of methanol in the R1-toluene cut is
very small, this cut could probably be recycled back to reac-
tion step |. To avoid premature reaction of C with methanol,

R1,R2, Toluene

Reactor 11 Rectifier 1

C+MeOH—>E

Reactor |
RI+R2 —» 11 (Ptcatalyzed)
RIHl —» A
I1 — C+H
CHl *+*> 2
Pt —> pyx

Rectifier I1

HyO

E, A, Toluene
HyO, Methanol, Toluene, E

Rectifier I

Reactor Il
0 OH|

Pt, 12

Figure 13. Siloxane monomer process: base case.
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Methanol
337.8K

Methanol 27% 337.2 K (0.9/0.1)

R1 23%
Toluene 50%

Toluene
384 K

R1
370K

367.3K
(0.65/0.35)

Figure 14. Composition simplex for the system meth-
anol, R1, and toluene at 1 atmosphere.

methanol may not enter reaction step 1. In addition, recycling
of the methanol-toluene azeotrope to reaction step Il will
result in unacceptable buildup of toluene. Therefore, at least
28% of this stream (the methanol-toluene azeotrope) could
not be recovered. In other words, at least 28% of the stream
would end up as organic waste.

Secondly, the aqueous stream leaving overhead from recti-
fier 11l contains about 95% water, and traces of toluene,
methanol (formed in reaction step 111), and intermediate E.
It is assumed that the organic compounds would end up as
organic waste. The stream is heterogeneous, forming a
water-rich liquid phase and a toluene-rich liquid phase. The
components also form three binary azeotropes, one between
methanol and toluene, one between water and toluene, and
one between water and E. The majority of the toulene and E
could be removed in a decanter, while most of the remaining

methanol in the aqueous phase could be removed through
distillation. The estimated amount of organic waste from this
stream is about 170 kg per batch, and the total amount of
organic waste from the two mixed waste-solvent streams is
282 kg or about 5 kmol. Can we do better?

Process alternative

By studying the composition simplices created for all the
process streams, several process alternatives were generated.
Only the most promising one will be discussed here, but it
should be noted that there are other acceptable solutions.

Toluene and intermediate E are relatively narrow boiling,
and it is therefore difficult to achieve a sharp split between
these two components. Hence, in order to avoid loss of inter-
mediate E, a large fraction of toluene is left in the reboiler at
the end of distillation 1, and, consequently, toluene will re-
main with the product and will not be removed until distilla-
tion I11. This complicates solvent recovery since toluene forms
a binary azeotrope with methanol. It was therefore proposed
to introduce a batch distillation column between reaction step
I and 11 as indicated in Figure 15. Three product cuts were
proposed. Intermediate C is recovered for reaction step Il,
toluene and excess reactants are recycled back to reaction
step I, and product A is purified. Methanol and C are recov-
ered in rectifier 11, and recycled directly back to reactor II.
No toluene is carried through to the last column. The aque-
ous waste stream is therefore only contaminated with
methanol which will greatly simplify the cleanup of the
stream. The stream composition is about 45 kmol water and
1.3 kmol methanol. All the toluene is recovered and recycled,
and there will be no toluene losses from the process. In fact,
since the excess methanol from reaction step Il is recycled,
only the methanol generated in reaction step 111 (1.3 kmol)
and removed in a water treatment facility will appear as or-
ganic waste. The total amount of organic waste is reduced by
approximately 70% compared to the base case. Other im-
provements are also achieved: raw material is saved, and the
load on downstream units is reduced.

H
R1, R2, Toluene I

Methanol

Cut 2: Toluené,
RLILC

Reactor

RI4R2 —» 11 (Prcatalyzed)

Rl —» A Pt 12

Il —» C+Hy
CHl *+> 1y
Pt —» Pt

Rectifier 1

Reactor I Rectifier I

H0

C, Methanol

HyO, Methanol

Reactor Il Rectifier Il

Figure 15. Process alternative.
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C
336.6 K
two regions
of interest
380
2 4
R1 > Toluene
370K 367.3 K 384 K

Figure 16. Residue curve map for the system toluene,
R1, and C at 1 atmosphere.

An analysis of the new composition simplex for the ternary
system C, R1, and toluene using solvent recovery targeting
indicates that there are two batch distillation regions from
which intermediate C can be recovered as a pure species (see
Figure 16).

However, C forms a binary azeotrope with R1 and a ternary
azeotrope with R1 and toluene, Hence, while C can be recov-
ered as a pure species, a large fraction of C will also be recy-
cled back to reaction step I. Recycling of C will lead to buildup
of C in the reactor to a cyclic steady-state concentration (a
cyclic dynamic system is said to have reached cyclic steady-
state when the variable profiles over a cycle are the same
from one cycle to the next). A reversible reaction with C forms
the undesired oligmer 12, and recycling of C will encourage
formation of 12. Consequently, while solvent recovery target-
ing has determined that the proposed process modification is
indeed feasible, it may not be acceptable as it could possibly
lower the selectivity of A over C and increase the formation
of undesired byproducts. A more detailed analysis of the ef-
fects of recycling C on the chemistry in reaction step 1 is
essential. A feasibility study of the coupled system consisting
of Reactor |, Rectifier I, and the recycle stream was there-
fore performed.

Dynamic modeling of coupled reactor and distillation
column

As a result of the solvent recovery targeting analysis, sev-
eral design objectives were identified for the detailed feasibil-
ity study:

e The mixture leaving reaction step | at cyclic steady state
must be in either batch distillation region 1 to 5 to allow
recovery of pure C, and, hence, feasibility of the process
modification.

e The overall operating policy must aim to minimize for-
mation of the undesired oligmer 12.

e It must be possible to design a startup policy that will
take the coupled system to the desired cyclic steady-state in a
reasonable number of cycles.

AIChE Journal

Hy

T R1, 11, C, toluene [ C

R1, R2, toluene
Pt

Pt I2
Rectifier I

Reactor I

R1+R2 — 11 (Pt catalyzed)
Ri+1I —A

Figure 17. Model of coupled reactor and distillation col-
umn.

The key design variables are the charge and temperature
policies for the reactor (which will control the amount of sol-
vent, reagent and C in the feed to the column, and the con-
centration of 11, and, hence, 12), and the reflux policy and
accumulator dumps for the column. Also, we are concerned
with designing not only the optimal cyclic steady-state policy,
but also a startup policy to take a cold and empty system to
this cyclic steady state.

Preliminary feasibility of the overall mass balance (that is,
can the system operate in one of the target distillation re-
gions) can be verified via a MILP (mixed integer linear pro-
gram) formulation of the mass balances and batch distillation
regions (Ahmad and Barton, 1995). However, a dynamic study
is required to address all the issues raised above in detail.
Therefore, a dynamic model of the coupled reactor and the
column system was created (see Figure 17). The coupled re-
actor-distillation system was modeled using ABACUSS, ap-
plying the same unit operation models as in the base case
calculations. Only the operating policies and connectivity of
the flowsheet were modified.

The first step was to establish feasibility of startup through
the use of dynamic simulation studies to design interactively
a startup sequence that can take the system to a cyclic steady
state operating in one of the target batch distillation regions.
The SCHEDULE features of ABACUSS (Barton, 1992; Bar-
ton and Pantelides, 1994), which allow modeling of complex
sequences of control actions, were particularly useful here to
formulate and experiment with alternative sequences. After
some experimentation, a feasible startup sequence was found
as follows:

e Charge all of the R1 and toluene initially.

e Heat the reaction mass to its boiling temperature and
then turn the steam to the heating jacket turn off.

e Add the catalyst slurry.

e Over the next two hours, charge R2 continuously to
maintain a high concentration of R1 relative to that of R2
(this feed policy favors formation of A over C).
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Figure 18. Holdup in reaction step | over three cycles.

e Allow the reaction to continue until the amount of R1 or

R2 was less then 0.1 mol, then discharge the reactor to inter-
mediate storage awaiting separation.
Similarly, the operating policy for the column splits the feed
into the sequence of cuts shown in Figure 17. These cycles
are then repeated, except that in subsequent cycles the sec-
ond distillation cut (consisting of R1, toluene, and C and small
amounts of 11, R2, and A) is recycled from the distillation
column to form part of the reactor charge. This recycle stream
significantly decreases the amount of fresh R1 and toluene
needed.

According to this policy, the composition profile in reac-
tion step | reaches cyclic steady state after four cycles. Only a
slight increase in the formation of C was observed, while the
formation of A consequently reduced a similar amount. No
noticeable increase in the formation of 12 was detected, and
startup leading to a cyclic steady state in one of the target
batch distillation regions is feasible. The holdup profiles in

reaction | over the first three cycles are plotted in Figure 18.

The optimal cyclic steady-state operating policy can be de-
termined using the detailed dynamic model and the dynamic
optimization features of ABACUSS (Feehery and Barton,
1998; Allgor, 1997). According to the approach developed by
Charalambides (1996), the composition and temperature of
the intermediate storage between two units at cyclic steady
state can be represented as time invariant parameters in a
dynamic optimization formulation that can solve directly for
the optimal cyclic steady-state policy (that is, without the need
to simulate multiple cycles until cyclic steady state is reached).
This formulation simultaneously determines optimal charge
and temperature profiles for the reactor, and reflux profiles,
and dumping and recycle policies for the column to, for ex-
ample, maximize yield of A and C, or minimize raw material
and operating costs. In fact, the results of the simulation study
above are very important in providing initial guesses, particu-
larly for the intermediate storage compositions that start the
optimization in a batch distillation region that yields a feasi-
ble cyclic steady state. However, it should be noted that cur-
rently the model used by the dynamic optimization calcula-
tions must be simplified relative to the model used for the
simulation studies in order to remove phenomena such as
boiling in the reactor, because the algorithms employed can-
not deal with implicit discontinuities (or state events (Park
and Barton, 1996)) in the model.

As can be seen from this study, a detailed dynamic model
of the coupled reactor and distillation column used in con-
junction with solvent recovery targeting was extremely valu-
able in designing integrated operating policies for the reac-
tion and distillation tasks to minimize the formation of 12,
and also to ensure feasibility in the sense that the mixture to
be separated is placed in a batch distillation region from which
C can be recovered as a pure species. As this type of model-
ing technology becomes increasingly available in industry, it
will offer a cheaper, safer, quicker and more effectie alterna-
tive to explore different operating policies than more conven-
tional pilot-scale studies.

Example: Production of a Carbinol

Solvent recovery targeting was applied to a process for the
production of a carbinol (5-methyl-5H-dibenzol[a,d]cyclohep-
tene-5-ol) (see Figure 19). The synthesis represents one of
the 10 steps in a manufacturing process for the production of

CH3MgBr
Diethyl Ether
Trienone

MIXING REACTION  QUENCH

Acetic-Acid/Water

Aqueous phase

WASHING EVAPORATION

Diethyl Ether
THF
Cyclohexane

. Cyclohexane
Brine

Carbinol

Cyclohexane
Aqueous waste

CRYSTALLIZATION

Figure 19. Flowsheet for production of a carbinol.
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5-methyl-10,11-dihydro-5H-dibenzo[a,d]cycloheptene-5,10,im-
ine,maleate.

The process consists of a reaction step followed by quench-
ing with an aqueous solution and a two-phase separation, and
washing with brine. Then, the reaction solvent is replaced by
the crystallization medium through evaporation, and the
product is crystallized and collected through filtration. In the
reaction step trienone is converted to carbinol. A major im-
purity is tetraene, produced by acid catalyzed elimination of
carbinol. Further details about the process can be found in
Aumond (1994) and Linninger et al. (1994). The azeotropic
behavior was approximated using the Nonrandom-Two-
Liquid (NRTL) model (Renon and Prausnitz, 1968) to calcu-
late the activity coefficients. Binary parameters were ex-
tracted from Aspen Plus (Aspen Technology, 1995). A batch
size of 500 kg of carbinol was used as basis for the study.

The major organic waste stream results from the replace-
ment of the reaction medium tetrahydrofuran (THF) with
crystallization medium cyclohexane. The solvent switch takes
place through evaporation, and the resulting waste stream is
a ternary mixture consisting of about 12.1 kmol of diethyl
ether (10%), 40.4 kmol of THF (33.3%), and 68.8 kmol of
cyclohexane (56.7%). It is desirable to recover the solvents
for reuse through batch distillation. The composition simplex
for this mixture at 1 atmosphere is shown in Figure 20. Cyclo-
hexane and THF exhibit a low-boiling binary azeotrope.
Varying the pressure reveals that the azeotrope is not very
pressure sensitive. Running the separation at lower pressure
therefore does not provide any significant benefits. The pure
component diethyl ether is the only unstable node, and the
two batch distillation regins will both give rise to diethyl ether
as the first product, followed by the binary azeotrope. De-
pending on the location of the initial composition, the final
cut will be either pure cyclohexane or pure tetrahydrofuran.
The initial composition places the mixed waste-solvent stream
in region 1, and therefore diethyl ether (12.1 kmol) and cyclo-
hexane (65.52 kmol) can be recovered as pure components
and reused, while THF will be recovered as part of the
azeotrope (43.68 kmol). Since cyclohexane is the crystalliza-

Diethyl Ether
307.54K

P=1 atm.

Diethyl Ether 10.0%
THF 33.3%
Cyclohexane 56.7%

Sl o\ o
’ 339.04 K 339.12K
(0.927/0.075)

Figure 20. Composition simplex for the system diethyl
ether, tetrahydrofuran, and cyclohexane.
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tion medium, recycling the recovered binary azeotrope to the
reactor may cause some of the product to crystallize prema-
turely. The fraction of cyclohexane in the azeotrope is rela-
tively small and may not cause a problem. However, if pre-
mature crystallization is not acceptable, the binary azeotrope
has to be disposed of or possibly be split using an entrainer,
an alternative that is not considered here. In that case, the
base will result in at least 43 kmol or about 3,190 kg of or-
ganic waste per batch. Moving the composition of the mixed
waste-solvent stream to region 2 by adding tetrahydrofuran
and achieving recovery of pure THF would result in the same
problem, as recovery of the azeotrope cannot be avoided. In
addition, the binary azeotrope and THF are very close boil-
ing, making it almost infeasible to obtain a sharp split.

The most promising option for process improvement lies in
replacing THF with a solvent that allows for easier recovery.
It is also advantageous to replace THF, because it is miscible
with water at atmospheric conditions (Wisniak, 1980), and
solvent is often lost to the aqueous phase. Other problems
associated with THF include its extreme flammability and the
potential for formation of peroxides (Molnar, 1996). Several
issues have to be kept in mind when evaluating alternative
solvents:

(1) 1t must be compatible with the process chemistry.

(2) 1t should preferably be completely or partially immisci-
ble with water to facilitate a two-phase split to remove salts
from the organic phase.

(3) It should preferably be less harmful the replaced sol-
vent, THF.

The reaction is a Grignard addition. Ethers are usually em-
ployed as Grignard reaction media, due to the ether group
that is attracted by the highly electrophilic magnesium atom
in the Grignard compound. An obvious choice in this case is
to employ diethyl ether since it is already used as storage
medium for the Grignard compound. Diethyl ether is also
suggested by Reichardt (1988) as a common solvent for Grig-
nard reactions. Diethyl ether is partially immiscible with wa-
ter (Wisniak, 1980) and will form the organic rich phase fol-
lowing the two-phase split. Furthermore, the replacement of
cyclohexane through evaporation will result in a binary sol-
vent waste stream of diethyl ether and cyclohexane. Return-
ing to the composition simplex in Figure 20 reveals that di-
ethyl ether can be easily separated from cyclohexane, result-
ing in complete recovery of solvents. However, it is expected
that the use of diethyl ether will reduce the reaction rate, as
the nucelophilic ether group in diethyl ether may not be as
efficient as in THF due to the molecule’s linear structure.
Laboratory experiments are necessary to resolve this issue.

Another possibility is to replace THF with a novel solvent
replacement. For example, Molnar (1996) designs and syn-
thesize a new class of solvents having similar properties to
THF, but which are nonvolatile and can be easily recovered
from process streams using simple mechanical separation op-
erations such as ultrafiltration. The polymer solvent system is
generated by attaching THF to a polymer backbone and dis-
solving it in a relatively benign continous phase. In the exam-
ple process the polymer based solvent can be recovered from
the organic product stream after the washing operation, leav-
ing the product (carbinol) dissolved in the inert solvent. The
inert solvent is then replaced by cyclohexane through evapo-
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Figure 21. Improved process flowsheet.

ration as in the base case. Thus, we are again left with a
mixed solvent-waste stream consisting of diethyl ether, cyclo-
hexane, and the inert solvent that needs to be analyzed. Mol-
nar (1996) tests different compositions of mixtures of toluene,
hexane, and heptane as candidates for the inert continuous
phase. Liquid-liquid phase diagrams in Wisniak (1980) show
that these three components are all almost completely immis-
cible in water. Applying solvent recovery targeting discloses
that none of the components form azeotropes with diethyl
ether or cyclohexane. Consequently, separating the solvent-
waste mixture through batch distillation would be relatively
easy, and again no unnecessary organic waste is generated.
Laboratory experiments should be preformed to determine
which of the candidate solvents (or mixture of) would result
in the optimal reaction conditions. The resulting flowsheet
indicating solvent recovery and recycling is shown in Figure
21.

Conclusions

A recently reported algorithm (Ahmad et al., 1998) for
characterizing the batch distillation composition simplex for
a system with an arbitrary number of components was ex-
ploited to develop a sequential design strategy in which pro-
cess streams or mixed waste-solvent streams are analyzed for
maximum feasible solvent recovery. This procedure is termed
solvent recovery targeting. For a given base case, solvent recov-
ery targeting will, given the composition of the mixture(s) to
be separated, predict the correct distillation sequence and
calculate maximum feasible recovery of each product cut in
the sequence. It can further provide information about all
other feasible distillation sequences involving the same set of
pure components. The information is used to evaluate the
feasibility of enhancing solvent recovery in the proposed
flowsheet, and to guide the improvement of a flowsheet with
respect to solvent recovery.

Solvent recovery targeting was applied to two case studies.
The first case study involves a siloxane monomer process. By
using the targeting algorithm to explore the feasible separa-
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tion alternatives, it was found that a reduction of about 70%
in the organic waste compared to the base case could be
achieved by integrating solvent recovery and recycling into
the flowsheet. Also, it was demonstrated how a dynamic
simulation model can be exploited to evaluate the proposed
process alternative with respect to effects on the reaction
chemistry when an intermediate is recycled. The model yields
insights for the design of integrated operating policies that
increase yield and selectivity and minimize formation of an
undesired byproduct.

Similarly, in a second case study involving the manufacture
of a carbinol, solvent recovery targeting was used to evaluate
several possible process modifications to improve solvent re-
covery. In particular, replacing the original solvent THF with
a novel polymer based solvent proved very promising.
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