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A procedure for synthesizing crystallization-based separation processes is presented. In
an e®olutionary manner and without being restricted to a particular crystallization tech-
nique, flowsheet alternati®es are generated to meet the separation objecti®es for a gi®en
system. This is achie®ed by recognizing the fact that four basic crystallization-related
mo®ements in composition space are sufficient to represent a ®ariety of crystallization
processes. Suitable mo®ements are selected based on rele®ant features of the phase
diagram to construct feasible flowsheets. The procedure consists of six steps. First, sepa-
ration objecti®es are defined. Second, a separation core structure is generated. Third, the
separation sequence and unit operations are selected, followed by adding other units to
the structure for proper plant operations. Fifth, appropriate crystallizer type is selected.
Finally, economic e®aluation and feasibility checks are performed for the generated
alternati®es. Rules are pro®ided to aid decision-making at each step. The procedure is
illustrated with ®arious examples including separation of amino acids, p- and m-cresols,
chlorobenzoic acids, calcium carbonate and magnesium oxide from dolomite, and the
production of salt.

Introduction
Crystallization has been widely used to separate various

organics, inorganics, and biochemicals. The mixture to be
separated normally involves a single liquid phase with a num-
ber of solutes dissolved in a single solvent. However, the feed

Ž .can be a mixture of solids Ng, 1991 . Also, rather than hav-
ing a single liquid phase, the system can involve a gas phase
Ž . ŽJagadesh et al., 1992 and two or more liquid phases Berry

.et al., 1997 . With the additional complexities in solid-liquid
phase behavior such as the presence of eutectics and com-
pound formation, and the possibility of reaction among the
components in the system, it is not surprising that a wide
variety of crystallization-based separation techniques have
been invented.

In fractional crystallization, operations such as heatingr
cooling, solvent additionrremoval are used to recover two or

Žmore of the solutes from a multicomponent solution Fitch,
1970; Cisternas and Rudd, 1993; Cisternas and Swaney, 1998,

.Thomsen et al., 1998; Cisternas, 1999 . Instead of the solute,
if the solvent is recovered by cooling, the process is referred
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Ž .to as freeze crystallization Mullin, 1993 . In extracti®e crystal-
lization, an extraneous solvent is added to assist the separa-

Žtion of a multicomponent mixture Findlay and Weedman,
.1958; Dye and Ng, 1995a ; only cooling crystallizers are used

in such processes. A more general technique is the addition
of an extraneous component, which may be a gas, a liquid, a

Žsupercritical fluid, or a solid, to effect separations Hanson
and Lynn, 1989; Weingaertner et al., 1991; Liu and Naga-

.hama, 1996 and is referred to as salting-out, drowning-out,
sol®enting-out, or dilution crystallization. The use of a hydro-
trope, which significantly affects the solubility of one or more

Žof the solutes, also falls into this category Colonia et al.,ˆ
.1998 . In adducti®e crystallization, the added component re-

acts with one of the components to form an adduct which can
Ž .easily be separated from the mixture Dale, 1981 . Finally,

solid crystals can be produced as the result of a chemical
reaction between the components. This technique is known

Ž .as reacti®e crystallization Berry and Ng, 1997 . In dissociation
extracti®e crystallization, an aqueous solution containing a
neutralizing agent and an organic solvent are simultaneously
added to a mixture to effect preferential precipitation of one

Žof the organic bases in the form of a complex Gaikar and
.Sharma, 1987; Gaikar et al., 1989 .
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For some of these techniques, step-by-step procedures to
construct flowsheet alternatives are not available. This is a
serious omission because significant advantages can be gained
with a superior and timely process design. While, for other
techniques, ready-made process alternatives have been for-

Žmulated to handle identified phase behaviors Rajagopal et
al., 1991; Dye and Ng, 1995b; Berry and Ng, 1996; Berry et

.al., 1997 , the use of a combination of the different tech-
niques discussed above to further enhance process perfor-
mance was not considered. Furthermore, complete separa-
tion of all solutes was always assumed.

In this article, we present a unified synthesis procedure to
generate in an evolutionary manner flowsheet alternatives for
crystallization-based separation processes. The procedure is
not limited to a specific crystallization technique and can be
applied to both nonreactive and reactive systems. While the
procedure is applicable for the separation of mixtures con-
taining any number of components, the discussion is limited

Ž .to a quaternary system three solutes and a solvent to main-
tain clarity of the presentation.

The present approach is akin to the process boundary ap-
Žproach for separations synthesis Berry, 1997; O’Young et al.,

1997; Safrit and Westerberg, 1997; Ahmad et al., 1998; Rooks
.et al., 1998; Pressly and Ng, 1999 . The composition space of

a given system can be partitioned into different regions by
equipment limitations or thermodynamic boundaries. The aim

Ž .is to purposefully maneuver to the proper region s to pro-
Ž .duce the desired product s and to purge impurity byprod-

ucts. This is achieved by configuring the processing units in
such a way that, whenever necessary, the limitation or bound-
ary of one unit is bypassed with a suitable movement. In other
words, every unit involved in the process is represented in
composition space as a transition from the feed composition

Ž . Ž .point s to the product composition point s of the corre-
sponding unit. We begin with an identification of the basic
movements for crystallization-based separation processes.

Basic Movements in Composition Space
In principle, there are only two basic operations in crystal-

lization-based separation processes: temperature swing and
composition swing. Pressure swing is not considered because
normally pressure has little effect on solid-liquid equilibrium.
Composition swing can be achieved in three different ways.
Thus, it is convenient to define four basic movements in com-

Ž . Ž .position space as follows: 1 heating or cooling, 2 stream
Ž .combination or splitting, 3 solvent addition or removal, and

Ž . Ž .4 addition or removal of a mass separating agent MSA .
An MSA is defined as any component not initially present in
the feed and can be a gas, liquid, or solid. These movements
are illustrated below using phase diagrams for ternary and
quaternary systems. Readers unfamiliar with such diagrams

Ž . Ž .are referred to Dye and Ng 1995a,b and Berry et al. 1997
for additional details. Table 1 provides a list of the equip-
ment units for executing the basic movements. Sometimes,
several movements can be performed in a single equipment
unit. For example, both cooling and solvent removal can be
performed in an evaporative crystallizer.

Figure 1a shows the temperature-composition diagram for
a ternary system, its polythermal projection, and two isother-
mal cuts at T and T . Salient features of the polythermalh c
projection are depicted in Figure 1b. The lines AB-ABS, AS-
ABS, and BS-ABS are the eutectic troughs, along which a so-
lution is saturated with two components. These lines divide
the triangle into three compartments: A, B, and S, and also
serve as boundaries between the compartments. A compart-
ment is the subspace in a polythermal projection within which
a component can be crystallized in pure form. Figure 1c shows
two isothermal cuts superimposed on top of each other. The

Ž .saturation region two of which are shaded indicates the re-
gion where a pure component solid is in equilibrium with a
liquid solution. A saturation region is part of the compart-
ment of the same species, as seen in an isothermal cut. Fig-

Ž .ure 1a shows that point 1 an unsaturated solution moves to
Ž .point 2 a saturated solution by cooling. In the projections,

these two points coincide. Upon further cooling to tempera-
ture T , the solution enters the saturation region of B, as canh
be seen in Figure 1c. Consequently, pure B crystallizes out of
the solution, and the composition of the solution moves along

Ž .the solubility surface to point 3 Figure 1a . Sol®ent addition
then moves the composition towards S, across the boundary

X Ž .between compartments A and B, to point 3 Figure 1b .
When this solution is cooled to temperature T , crystals ofc
pure A are formed and the composition moves to point 4.
Heating raises point 4 to 4X, and stream combination of points
4X and 5 yields point 1, which is back in compartment B.

Figures 2a and 2b are the polythermal projection and the
isothermal cuts, respectively, of a three-solute system con-
taining one solvent. Their Janecke projections are shown as¨
insets. In the polythermal projection of a typical simple-

Table 1. Basic Operations of Crystallization-Based Separation Processes

Operation Equipment Units Representation in Composition Space

Coolingrheating Crystallizer, heat exchanger Movement along the temperature axis
Stream combination Mixer Joining the original points by a straight line
Stream split Evaporator, distillation Movement along a straight line from the

column, decanter, extractor original point in opposite directions
Solvent addition Crystallizer, mixerrdilution tank Movement along a straight line towards

the apex representing the solvent
Solvent removal Crystallizer, distillation Movement along a straight line away from

column, evaporator the apex representing the solvent
MSA addition Crystallizer, mixerrdilution tank Movement along a straight line towards

the apex representing the MSA
MSA removal Crystallizer, distillation column, Movement along a straight line away

evaporator, adsorption column from the apex representing the MSA
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Figure 1. Isobaric phase diagrams for a simple eutectic
( )two-solute system: a temperature-composi-

( ) ( )tion diagram, b polythermal projection, c
isothermal cuts at T and T .h c
`sunsaturated, v s saturated.

Ž .eutectic system Figure 2a , there are six binary, four ternary,
and one quaternary eutectics. There are six eutectic surfaces,
dividing the terahedron into four compartments: A, B, C,

and S. In the isothermal phase diagram, the projection of the
saturation region of A at T is indicated by the shaded re-2

Ž .gion Figure 2b inset . Stream combination of point 6, which
is located in compartment C, with point 7 yields point 8,
which is in compartment B. Sol®ent remo®al moves point 8
across the boundary between compartments A and B to point
8X. Note that it is necessary that point 8 lies on the Janecke¨

Žprojection of the eutectic surface AB-ABC-ABCS-ABS see
.Figure 2a inset ; otherwise, solvent addition or removal would

not result in the desired compartment crossing. The combi-
nation of cooling to temperature T and solvent removal2
causes A to crystallize out and point 8 to move to point 9.

The addition of MSAs increases the number of compo-
nents in the system, and, thus, the complexity of the system.
For a two-solute system with one solvent, the addition of an
MSA leads to a quaternary system, and the phase diagram
can be represented in the same way as depicted in Figure 2.
However, for systems with three or more solutes, representa-
tion of the polythermal projection and isothermal cuts in 3D
is no longer possible. Such high-dimensional systems can be
represented using cuts of the phase diagram, taken at differ-
ent levels of MSA concentration. These cuts are sometimes

Ž .referred to as isoplethal cuts Colonia et al., 1998 . Figure 3ˆ
Ž .depicts two isoplethal cuts 0% and 5% D of the Janecke¨

projections of the polythermal phase diagrams for a three-so-
Ž .lute A, B, C system. In such a diagram, one can only see

Figure 2. Isobaric phase diagrams for a simple eutectic
three-solute system:
Ž . Ž .a Polythermal projection; b isothermal cuts at T and T .1 2

July 2000 Vol. 46, No. 7 AIChE Journal1402



Figure 3. Isoplethal cuts of the Janecke projection of¨
the polythermal phase diagram for a three-so-
lute, one solvent system with an MSA.

the cuts of compartments A, B, and C. For example, the cut
at 0% D of compartment A is bounded by the eutectic sur-
faces AB-ABS-ABCS-ABC and AC-ACS-ABCS-ABC, while
the cut at 5% D of the same compartment is bounded by the
eutectic surfaces ABX-ABSX-ABCSX-ABCX and ACX-ACSX-
ABCSX-ABCX. Point 10 represents a solution containing A,
B, C, and S, thus lying on the 0% D cut. Since this point is in
compartment A, cooling leads to crystallization of A. The
solution composition moves to point 11. MSA addition moves
point 11 to point 12, which is located on the 5% D cut. De-
spite the movement in the high-dimensional composition
space, both points are represented by the same circle in this
projection, because the proportions of A, B, and C in the
solution remain the same. However, point 12 is now in com-
partment C, whose cut at 5% D is bounded by the eutectic
surfaces ACX-ABCX-ABCSX-ACSX and BCX-ABCX-ABCSX-BCSX.
Cooling of point 12 results in the crystallization of C, and
the composition moves to point 13.

Unified Synthesis Procedure
Crystallization-based separation processes can be classified

into two groups. Processes in the first group do not use an
MSA, while those in the second group do. As will be ex-
plained later, the use of an MSA is advantageous or even
essential for systems with heat-sensitive components, high
boiling point rise, high heat of vaporization, solubility insensi-
tivity to changes in temperature, or a feed made up of solids
with high melting points.

Figure 4. Generic structure of crystallization-based
separation proceses.
Ž . Ž .a Input-output structure; b recycle structure.

Whether an MSA is involved or not, we should collect in-
put information, including the feed phase and composition,
the number of components, and the number of reactions in

Ž .the system if any . Experimental data andror parameters re-
quired in solid-liquid phase equilibrium calculations for con-
structing phase diagrams are essential. It is also often useful
to have information on vapor-liquid and liquid-liquid equilib-
rium. The strategy is to construct flowsheet alternatives by
identifying the necessary movements in composition space
based on the features of the phase diagram.

Figure 4a depicts the input-output structure of a crystal-
lization-based separation process. The box represents the
separation train consisting of one or more crystallizers. We
may need to add or remove solvent or MSA at appropriate
locations. Recycle and purge streams may be present. This
structure can be expanded to give a recycle structure as de-
picted in Figure 4b. Each crystallizer followed by a filter is
used to recover a solids product. A mixer or a separator is
placed between each crystallizerrfilter to allow solvent or
MSA addition or removal, and stream combination or split-
ting.

Table 2. Movements and Relevant Features in a Phase Diagram for Achieving a Desired Objective

Features to Look for in

Objective Movements to Use Two-Solute System Three-Solute System

Moving from one Solvent addition or removal, Eutectic troughs in the Eutectic surfaces in the
compartment to MSA addition or removal, polythermal phase polythermal phase diagram
another stream combination or split diagram

Effecting preci- Cooling or heating, solvent Single saturation curve Single saturation
pitation of a addition or removal, MSA in the isothermal cut surface in the tetrahedron

Usolid product addition or removal isothermal cut

URemark: Stream combination or split is not used here because we normally do not create supersaturation with this movement.
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Table 3. Steps for Generating Flowsheet Configurations
of Crystallization-Based Separation Processes

Step 1. Definition of separation objectives and construction of phase
diagrams

Step 2. Construction of separation core structure
Step 3. Selection of separation sequence and unit operations for

crossing separation boundaries
Step 4. Addition of unit operations for proper plant operations
Step 5. Selection of crystallizer type
Step 6. Evaluation of flowsheet alternatives

The movements in the composition space have two objec-
tives. The first is to move from one compartment to another,
preferentially a contiguous one, in order to produce a desired
product at that compartment. This is accomplished in the
mixers or separators depicted in Figure 4b. The second ob-
jective is to effect precipitation of the desired product in the
crystallizer after getting into its compartment. Table 2 sum-
marizes the movements to use and the features of the phase
diagram to look for to achieve each goal. To select the move-
ments for crossing into another compartment, we need to lo-
cate the compartment boundaries. The use of a polythermal

Ž .phase diagram Figures 1b and 2a is preferred, because the
boundaries are more evident. Alternatively, we can use a se-
ries of isothermal cuts taken over the practical temperature
range to represent the phase behavior, which in some cases
may be more convenient. This is especially so when reaction
or liquid-liquid immiscibility is involved. Saturation regions at
the different cuts can be compared to locate the boundaries
in polythermal projections. For example, eutectic trough AB-
ABS in Figure 1b can be reconstructed in Figure 1c by con-
necting the double saturation points at different tempera-
tures. Similarly, the eutectic surface AB-ABC-ABCS-ABS in
Figure 2a can be reconstructed in Figure 2b by combining the
AB-ABC double saturation curves at different temperatures.
To effect precipitation, we may have to change temperature,
remove solvent, or add MSA, in order to reach the single
saturation surface of the crystallizing component.

The strategy is implemented in a six-step procedure listed
in Table 3. Steps 1 to 5 are discussed below for generating
flowsheet alternatives without and with MSA. Step 6 deals
with the evaluation of the alternatives using material balance
and economic analysis in order to determine the best flow-
sheet. This step will be discussed in a separate section with a
specific example]the production of salt.

Flowsheet alternati©es without using MSA
To make it easier to understand the decision-making pro-

cess in each step, the procedure will be described alongside
Example 1. It involves a liquid-phase reaction which pro-
ceeds to complete conversion in solvent S. The main product
of this reaction is A, and B and C are byproducts, which can
be used as raw materials for other processes. It is desired to
obtain all three components from the solution as pure solids.

Step 1: Definition of Separation Objecti®es and Construction
of Phase Diagrams. The feed to a crystallization-based sepa-
ration process can be a mixture from natural sources such as
mineral ores or seawater, a mixture in a reactor effluent, or a
feed stream of reactants to a reactive crystallizer. It is conve-
nient to classify the components as shown in Table 4, which

Table 4. Classification of Components in the Feed to Crystal-
lization-Based Separation Processes

Class of Components Objectives

Feed reactor effluent
stream or feed to
a reactive crystallizer
? Desired product Recover as pure solids
? Unconverted reactant Purge or recycle to reactor as liquid
? Byproduct Purge as liquid or recover as solids
? Solvent Recycle as liquid

Feed: solution or
solid mixture from
natural sources
? Desired product Recover as pure solids
? Soluble impurities Purge as liquid or recover as solids
? Insoluble impurities Purge as solids

Table 5. Input Information for Separating Three Solutes
( )Example 1

( )Feed Composition mole fraction
A 0.35
B 0.05
C 0.10
S 0.50

( )Pure Component Melting Point 8C
A 59.7
B 44.2
C 75.9
S y43.2

( )Binary Eutectic Temp. 8C
AB 15.8
AC 22.4
BC 3.4
AS y52.7
BS y46.6
CS y52.3

( )Ternary Eutectic Temp. 8C
ABC y7.7
ABS y58.8
ACS y54.3
BCS y54.7

( )Quaternary Eutectic Temp. 8C
ABCS y60.2

( )Boiling Point at 1 atm 8C
A 214.4
B 208.4
C 209.1
S y2.1

also lists some possible separation objectives for each class of
components. Solvents are those components that are not re-
covered as solids. They usually have much lower melting
points compared to the other components. The desired prod-
ucts, byproducts, soluble impurities, and unconverted reac-
tants are referred to as solutes. After defining the objective,
an appropriate phase diagram is constructed based on the
input information.

ŽStep 1 for Example 1: Four components three solutes and
.one solvent are involved in this system, and the objective is

to separate all three solutes. Table 5 shows the input param-
eters. It is also given that the solubility of all components
increases with increasing temperature. Figure 5a depicts the
polythermal phase diagram for the system with the feed rep-
resented by point F.
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Step 2: Construction of Separation Core Structure. In this
step, we construct the core structure of the separation train,
consisting of a series of crystallizers and filters. Rules to guide
decision-making are given in Table 6.

First, the required number of crystallizers needs to be de-
termined based on the objective of separation. Since each
desired product should be crystallized separately, the mini-
mum number of crystallizers in the core structure is equal to

the number of desired products. At this stage, it is assumed
that only cooling crystallizers are used; this will be relaxed in
Step 5. The recycle stream usually contains byproducts and
soluble impurities, and partial purging is necessary to avoid
accumulation of these components. The fraction of final
mother liquor to be purged is dictated by the maximum al-
lowable concentration of impurities in the mother liquor
Ž .Cesar and Ng, 1999 . Depending on the phase behavior,

Figure 5. Development of flowsheet alternatives for Example 1.
Ž . Ž . Ž . Ž .a Janecke projection of the polythermal phase diagram; b core separation structure; c separating A in the first crystallizer; d separat-¨

Ž . Ž . Ž .ing C in the second crystallizer; e separating B in the third crystallizer; f flowsheet structure at Step 3; g alternative of using evapora-
tive crystallizers.

July 2000 Vol. 46, No. 7AIChE Journal 1405



Table 6. Rules for Generating Flowsheet Configurations without Using MSA

Rules for Constructing Separation Core Structure
Rule 1. Use a crystallizer for recovering each desired product.
Rule 2. Use only one crystallizer to recover components that do not need to be obtained in a pure form, if their

compartments share a boundary.
Rule 3. Use partial purging of the final mother liquor, if complete recovery of all solutes is impossible or

undesirable.
Rules for Selecting Separation Sequence and Unit Operations

Rule 4. If the feed is located in the compartment of a desirable solute, separate that particular component first.
Rule 5. Choose the order of separation by considering possible moves to a contiguous compartment.
Rule 6. If it is not possible to obtain a desired product by crossing into a contiguous compartment, consider

crystallizing an intermediate component.
Rule 7. Use solvent addition or solvent removal to cross from one compartment to another, whenever possible.
Rule 8. Consider using addition of reactant, removal of volatile product, or changing inert concentration to

cross the compartment boundaries in reactive systems.
Rule 9. Consider stream combination to cross from one compartment to another, if and only if every compo-

nent entering the recycle loop thus formed has an exit point.
Rules for Selecting Additional Units for Proper Plant Operations

Rule 10. If the feed is located in the solvent compartment, add a solvent removal unit at the beginning of the
separation train.

Rule 11. Add a solvent removal unit after the last crystallizer, if the solvent enters through the feed or at any
point along the process train, while there is no natural exit for the solvent.

Rules for Choosing Crystallizer Type and Operating Condition
Rule 12. Operate a crystallizer at a temperature where high yield can be obtained, unless there are other

constraints.
Ž .Rule 13. If solvent addition removal is used to move into the compartment of the crystallizing component,

operate the crystallizer at a temperature where the solubility of the crystallizing component is lower
Ž .higher compared to that in the preceding crystallizer.

Rule 14. Do not use an evaporative crystallizer if the boiling point of the solvent is substantially higher than the
melting point of the crystallizing component.

Rule 15. Consider using an evaporative crystallizer if the melting point of the crystallizing component is much
higher than the desired crystallization temperature or if the solvent has a high relative volatility, while
there is no solvent addition unit immediately prior to the crystallizer.

purging can lead to a significant product loss. Such a situa-
tion can be avoided by recovering the byproducts or impuri-
ties in an additional crystallizer. Several components can be
co-crystallized in the crystallizer, since there is no need to
obtain byproducts or impurities as pure components. Simi-
larly, unconverted reactants can also be recycled or crystal-
lized. The difference is that recycling these components to
the reactor can lead to a complete conversion, and purging
would not be necessary to avoid accumulation.

Step 2 for Example 1: For this system, we need three crys-
Ž .tallizers Rule 1 . Since all solutes are recovered as solids, a

Ž .purge stream is not necessary Rule 3 . The preliminary flow-
sheet structure is depicted in Figure 5b.

Step 3: Selection of Separation Sequence and Unit Operations.
Rules for this step are also presented in Table 6. We note
that every compartment associated with a desirable product
should be visited at least once. The separation sequence con-
sists of a series of compartments that can be visited by cross-
ing the boundary or boundaries among them. There may be
several possible separation sequences, which should all be
considered as process alternatives. It is possible that after ar-
riving at a particular compartment, all contiguous compart-
ments do not produce a desired product. In order to proceed
further in the composition space, we can crystallize an inter-
mediate product from one of the contiguous compartments.
Examples of such a component include compounds, adducts,
or even a solvent.

Each movement in the sequence must be selected by ob-
serving the phase behavior of the system on hand. For exam-
ple, for the system depicted in Figure 1b, it is possible to use
solvent addition to move point 3 in compartment B to point

3X in compartment A, because of the inclination of the AB
Ž .eutectic trough line AB-ABS . Similarly, as depicted in the

inset of Figure 2a, the inclination of the eutectic surface AB-
ABC-ABCS-ABS suggests that solvent removal should be used
to move from compartment B to A. Solvent addition or re-
moval is the preferred way to cross boundaries between com-
partments, because we can choose a low boiler for easy re-
covery. There are cases, however, where the phase behavior
does not allow this. For example, if the position of line AB-
ABS in Figure 1b were such that points S, ABS, and AB are
collinear, solvent addition or removal would not have caused
a compartment crossing. In the inset of Figure 2a, the same
situation is observed if line AB-ABC coincides with line
ABS-ABCS. For these cases, we must consider other options
such as using stream combination or crystallizing an interme-
diate component. For reactive systems, we can also consider
addition of reactants and removal of products. If none works,
an MSA must be used.

To determine the feasibility of a separation sequence, the
corresponding process path is drawn on the phase diagram.
In order to have a valid process path, each point must lie on
the appropriate region. There are three conditions that must
be satisfied by the feed and product of a crystallizer in the
sequence: the feed must be in the compartment of the crys-
tallizing component; the output must be transferable to the
compartment of the next component to be crystallized; the
feed, the output, and the apex representing the crystallizing
component must be collinear.

When considering stream combination as an alternative to
solvent addition and removal, care should be taken to avoid
creating an infeasible flowsheet. For example, stream combi-
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( )Figure 6. Development of flowsheet alternatives for separating an organic and two amino acids Example 2 .
Ž . Ž . Ž . Ž .a C-A-B alternative; b separating C in the first crystallizer; c separating A in the second crystallizer; d separating B in the third

Ž . Ž . Ž .crystallizer; e A-B-C alternative; f A-C-B alternative; g final flowsheet.

nation tends to lead to a recycle stream which always creates
a closed loop. It is important to make sure that each compo-
nent in the system has an exit point from the loop.

Step 3 for Example 1. Since the feed is located in com-
Žpartment A, component A should be separated first Rule

.4 . The next component to be crystallized can be either B or

Ž .C Rule 5 . In this example we discuss the option to separate
C next and crystallize B in the third crystallizer. The flow-
sheet development at this step is shown alongside the con-
struction of process paths in Figures 5c]5e. The process paths
are constructed by taking into account the three conditions
discussed previously. Point 1, which is the feed to the first
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Ž . Ž .crystallizer C1 , must be in compartment A Figure 5c . The
output of this crystallizer, point 2, must lie on the projection
of the eutectic surface AC-ABC-ABCS-ACS, such that it is
transferable to compartment C. Points A, 1, and 2 must be

Žcollinear. Next, we separate C in the second crystallizer Fig-
.ure 5d . Line ACS-ABCS appears closer to A compared to

AC-ABC, indicating that solvent addition can be used to move
Ž .from compartment A to C Rule 7 . Point 4 must lie on the

projection of eutectic surface AB-ABC-ABCS-ABS, and
points C, 3, and 4 must be collinear. After crystallizing C,
we need to cross the eutectic surface BC-ABC-ABCS-BCS to

Ž .reach compartment B Figure 5e . In order to accomplish
this task, we use solvent removal between the second and

Ž . Ž .third crystallizers Rule 7 . The final mother liquor stream 6
is then recycled to the feed, as suggested by the recycle struc-

Ž .ture Figure 4b . The final flowsheet is shown in Figure 5f,
along with all process paths drawn on top of the phase dia-
gram.

Let us now consider the option of using stream combina-
tion. Observation of the phase diagram reveals the possibility

Žof combining the final mother liquor stream 6, located in
. Ž .compartment B , with stream 2 located in compartment A

to cross the boundary between compartments A and C. Un-
fortunately, this will create a loop where there is no exit point

Ž .for A, which enters the loop through stream 2 Rule 9 . For
this reason, regrettably, the options reported by Dye and Ng
Ž .1995a as Figures 9 and 10 are actually infeasible.

Step 4: Addition of Unit Operations for Proper Plant Opera-
tions. In Step 4, we identify the need for additional treat-
ments to the feed, final mother liquor, and purge stream. If
the feed composition lies in the solvent compartment, a sol-
vent removal unit should be added because no solute can be
crystallized from this solution using cooling only. Other unit
operations are added to ensure that there would be neither
solvent accumulation nor depletion in the system, and to
minimize product loss.

Step 4 for Example 1: In this process, we do not need to
add a solvent removal unit since we already have solvent re-

Ž .moval before the third crystallizer Rule 11 . Therefore, no
further modification is made to the flowsheet in Figure 5f.
The alternative depicted in Figure 5f actually conforms to a
conventional extractive crystallization separation scheme, re-

Ž .ferred to as type IIa in Dye and Ng 1995a .
Step 5: Selection of Crystallizer Type. The alternative of

solvent removal from the crystallizer either by evaporation or
vacuum is considered in Step 5. First, we choose the crystal-
lizer operating temperature by considering two constraints.
The first constraint is the fact that when solvent addition or
removal is used to cross a compartment boundary, the two
adjacent crystallizers must be operated at different tempera-
tures. To clarify this point, let us consider the phase behavior
depicted in Figure 1a. After adding solvent to cross from

Ž X.compartment B to A, the solution temperature point 3
must be lowered before A can crystallize. Similarly, if solvent
removal were to be used to move point 4 to compartment B
Ž .Figure 1b , the point must first be raised to a temperature at

Ž X.which the solution becomes unsaturated point 4 ; other-
wise, A will co-crystallize and pure B cannot be obtained.

The second constraint is the range of crystallizer operating
temperatures, which is governed by many factors. A useful
observation of the phase diagram is obtained by examining

the relative position of a crystallizer outlet composition to a
eutectic. In typical solid-liquid equilibrium behavior, the
higher-order eutectics have lower temperatures. For exam-
ple, in a ternary system, the ternary eutectic temperature is
lower than those of the binary eutectics. Therefore, the closer
the crystallizer output is to the ternary eutectic, the lower its
operating temperature can be. However, it cannot be lower
than the eutectic temperature. In reality, the lower tempera-
ture limit is usually governed by the high energy cost for re-
frigeration. It is generally preferable to keep the crystallizer

Ž .temperature above 08C Barnicki and Siirola, 1997 , although
Ždirect cooling by injection of a liquefied inert gas such as

.nitrogen can be used to achieve very low temperatures. The
upper limit is influenced by factors such as boiling point of
the solvent, decomposition temperature of a component, and
availability of steam for heating, among others. Rajagopal et

Ž .al. 1991 pointed out that for typical solid-liquid behavior,
we have the following constraint for the temperature of the
crystallizer used to separate component A

T -T 1Ž .C m , A

If we use an evaporative crystallizer, the solvent must evapo-
rate at T . Therefore, the bubble point of the solution, T X

C b, S
Ž .8C , which is the boiling point of pure solvent plus the eleva-

Figure 7. Phase behavior and flowsheet structure of a
system mimicking adipic, glutaric, and suc-

( )cinic acids Example 3 .
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tion due to the presence of solutes, must obey the constraint

T X
-T 2Ž .b , S m , A

In practice, T X can be lowered by reducing the pressure.b, S
However, if the normal boiling point of the solvent is sub-
stantially higher than T , very low pressure is needed tom, A
obey the constraint in Eq. 2, so that the use of an evaporative
crystallizer may not be feasible. Generally, a vacuum level

Žlower than 7 kPa requires a complicated system Barnicki and
.Siirola, 1997 . For reactive crystallization, reaction equilib-

rium may dictate the operating temperature.
Second, we consider the sensitivity of solubility to changes

in temperature. For an ideal system, in which g s1, the solu-i
bility change with respect to temperature evaluated at T isC

dx D H D H 1 1i m , i m , i
s exp y . 3Ž .2 ž /dT R T TT s T RTC m , i CC

If

D Hm , i
)2, 4Ž .

RTC

Ž .which is true for many real systems Perry et al., 1997 , and
the crystallizer temperature is much lower than the melting

point of the crystallizing component, the value of dx rdTi
tends to be small. In other words, the solubility of the crystal-
lizing component does not vary significantly with tempera-
ture. In such a case, an evaporative crystallizer is an attrac-
tive option. However, if a solvent addition unit has just been
used to cross a eutectic surface, there is no advantage in us-
ing an evaporative crystallizer.

Step 5 for Example 1: Since solvent addition is used be-
tween C1 and C2, and C is less soluble at a lower tempera-

Ž .ture, we must operate C2 at T -T Rule 13 . Similarly,C2 C1
we have T )T . Assuming typical behavior, T cannot beC3 C 2 C 2
lower than the ABCS eutectic temperature. It is desirable to

Ž .have T and T as low as possible Rule 12 . This meansC1 C3
the crystallizers must be operated with refrigeration. The op-
timum temperatures can be found by considering the overall

Ž .process economics Rajagopal et al., 1991 . We now look at
the possibility of using evaporative crystallizers. Since no sol-
vent addition unit is present prior to the third crystallizer,
which is used to recover B, and the boiling point of solvent
Ž . Ž .y2.18C is much lower than the melting point of B 44.28C ,

Žan evaporative crystallizer can be used for C3 Rules 14 and
.15 . For a similar reason, there is an incentive to use an evap-

orative type for the first crystallizer as well. The final flow-
sheet is shown in Figure 5g.

It can be shown that this procedure leads the user to redis-
cover all fractional and extractive crystallization alternatives

Ž .discussed by Dye and Ng 1995a, b . In addition, it also guides

Table 7. Additional Rules for Generating Flowsheet Configurations Using MSA

Rules for Selection of MSA
Ž .Rule 16. Consider using an MSA class I or II that selectively reduces the relative solubilities of the desired

products, if it is desired to crystallize a component with high solubility or if solvent additionrremoval
cannot be used to cross a compartment boundary.

Rule 17. Consider using a class I MSA to change the solubility of a desired product that changes only slightly
with temperature.

Rule 18. Consider using a class II MSA, if the feed contains materials having a narrow temperature range to
Ž .which they can be exposed heat-sensitive .

Rule 19. Consider using a class III MSA, if one of the components in the feed can form a product which has a
low solubility in the solution.

Rule 20. Consider using a class IV MSA, if the feed is a mixture of solids or it is a binary mixture separated by a
eutectic.

Rule for Constructing Separation Core Structure
Rule 21. Consider total purging of the final mother liquor, if recycling does not change the composition of this

stream.
Rules for Selecting Separation Sequence and Unit Operations

Rule 22. Add the MSA at the beginning of the section where it is utilized.
Ž .Rule 23. Use an MSA addition removal unit after a crystallizer to cross a compartment boundary, if the

Ž .crystallizer output stream would move to the destination compartment at a higher lower concentration
of MSA.

Rule 24. Recycle MSA-rich stream to an upstream MSA addition unit.
Rule 25. If the feed is a solid mixture, consider recovering soluble impurities using selective dissolution and

Ž .crystallization Ng, 1991 .
Rules forSelecting Additional Units for Proper Plant Operations

Rule 26. If the solvent-rich stream to be sent to the next stage or to be partially purged still contains MSA,
consider using an additional separation unit to recover the MSA from this stream.

Rule 27. If there is no exit for the solvent, and an MSA-rich stream to be recycled still contains solvent, consider
removing solvent from this stream.

Rule 28. If insoluble impurities are present in a solid feed, separate them using a filtration unit immediately
after the dissolver.

Rule 29. Add a separation unit to decompose any crystallized intermediate product. If it is not decomposable,
send it to an upstream dissolver or to another separation system.

Rules for Choosing Crystallization Type
Rule 30. Do not use an evaporative crystallizer if the MSA is more volatile or just slightly less volatile than the

solvent.
Rule 31. Consider feeding the MSA-rich stream directly into the crystallizer.
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Table 8. Input Information for Separating an Organic and
( )Two Amino Acids Example 2

( )Feed Composition mol fraction
Ž .A organic acid 0.20
Ž .B amino acid 0.10
Ž .C amino acid 0.30
Ž .S water 0.40

( )Pure Component Melting Point 8C
A 151
B 295
C 287
D y50
S 0.0

( )Binary Eutectic Temp. 8C
AB 118.2
AC 115.6
BC 195.5

( )Ternary Eutectic Temp. 8C
ABC 72.1

( )Quaternary Eutectic Temp. 8C
ABCS y5.2

( )Boiling Point at 1 atm 8C
A 287
S 100.0
D 77.8

the user to uncover alternatives that can be considered a
combination of the two techniques. The alternative depicted
in Figure 5g is an example where both cooling and evapora-
tive crystallizers are present. Therefore, we do not restrict
ourselves to existing conventional schemes. Another advan-
tage of the procedure is that it is not limited to processes
where we want complete recovery of all solutes as pure com-
ponents. This point will be demonstrated in Example 3.

Flowsheet alternati©es using MSA
The generation of flowsheet alternatives using MSA fol-

lows the same steps in Table 3, except that Step 1 also in-
cludes the selection of an MSA. Additional rules as listed in
Table 7 are to be used along with the ones in Table 6. The
procedure is now discussed alongside Example 2, where we
consider the complete recovery of an organic compound A
and two amino acids B and C from an aqueous solution
Ž .Takano et al., 1999 . According to the reported experimen-
tal data, the phase diagram for this system mimics the one
depicted in Figure 3. The assumed input information is listed
in Table 8.

Step 1: Definition of Separation Objecti®es and Construction
of Phase Diagrams. Table 9 shows the classification of MSAs
according to their role in effecting separation. In addition to
its impact on solubility, ease of recovery is an important con-
sideration in choosing an MSA.

Class I MSAs selectively change the solubility of one or
more components. Examples include acids, bases, and hydro-
tropes. To minimize the energy requirement in a distillation
recovery process, it is desirable that the solvent has a low

Ž .heat of vaporization less than 800 kJrkg and a low specific
Ž . Ž .heat less than 3 kJrkg ?K Ireland, 1985 . The liquid MSA

should have a high relative volatility with respect to the sol-
vent and does not form any azeotrope with it. Class II MSAs
affect solubility, as well as cause liquid-liquid phase split at
some compositions and temperatures. This phase split fea-
ture can be utilized to facilitate the MSA recovery.

A class III MSA crystallizes the desired component by
forming a precipitating adduct. The adduct must be easily
decomposable to recover the MSA and yield the desired
product. Distillation is commonly used to separate the prod-

Ž .uct from the adductive agent Dale, 1981 . Class III MSAs
also include reactive agents, which form a desirable product
with one of the components. An example of class IV MSA is
a solvent, which is added simply to provide an additional de-
gree of freedom. It is especially useful for the complete sepa-
ration of a two-solute system in extractive crystallization
Ž .Rajagopal et al., 1991 . Without an extra solvent, movements
in composition space are restricted to a straight line and there
is no way to cross the binary eutectic. In the following discus-
sion, the term ‘‘MSA’’refers to the first three classes of MSA,
and class IV is simply referred to as ‘‘solvent’’.

Step 1 for Example 2: The objective is to completely sepa-
rate all three solutes. Figure 6a reveals that the projected
area of the eutectic surface AC-ABC-ABCS-ACS is very nar-
row. Thus, crossing this boundary using solvent removal or
addition is difficult. For this reason, we consider using MSA
to assist separation. Experiments show that the solubility of
A increases significantly as the pH becomes neutral, while

Žthe solubilities of B and C are not much affected Takano et
.al., 1999 . This leads to the use of a base D as an MSA to

Ž .bring about the pH change Rule 16 . The isoplethal cut at
5% D corresponds to pHs7.

Step 2: Construction of Separation Core Structure. In this
step, we determine the number of crystallizers and the need
for purging. When liquid-liquid immiscibility is involved, the
composition of mother liquor might fall on an invariant point
such as one of the apexes of a solid-liquid-liquid equilibrium

Ž .triangle an example will be seen in Figure 8 , meaning that
its composition would not change even if a recycle stream is
present. Consequently, recycle is not useful to avoid product
loss. Unless recycling is desired for other reasons, such as to
adjust the viscosity of the slurry, the mother liquor must be
totally purged.

Step 2 for Example 2: We need three crystallizers to recover
Ž .A, B, and C as pure components Rule 1 . Since everything

Ž .is recovered, purging is not necessary Rule 3 .
Step 3: Selection of Separation Sequence and Unit Operations.

The selection of separation sequence should take the MSA
into consideration, because addition or removal of MSA
serves as an additional alternative for crossing the process
boundaries. In this step, we also consider unit operations to

Ž .recover the MSA Table 9 and assign the destinations of the
separated streams. The MSA is often used only in a particu-

Table 9. Classification of MSA for Crystallization-Based
Separation Processes

Preferred Method
Class Purpose of MSA Addition of MSA Recovery

I Change the relative solubilities Distillation
of the components

II Change the relative Decantation or
solubilities of the components extraction
and induce liquid-liquid phase split

III Form a crystallizing adduct or Distillation or
a desirable product with one not recovered
of the components

IV Provide additional degrees of freedom Distillation
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( )Figure 8. Flowsheet alternatives for recovering a heat-sensitive compound Example 4 .
Ž . Ž .a Using a decanter; b using a multistage extractor.

lar section of the process, which can include one or more
crystallizers.

Ž .For a class II MSA, Berry et al. 1997 discussed a number
of process options. One can use a multistage extractor in-
stead of a decanter. Depending on the phase behavior, a
multistage extractor may improve the recovery of the MSA.
Another alternative is to perform extraction before crystal-
lization to improve the yield.

Step 3 for Example 2: In the following discussion, we will
refer to the compartments at 0% and 5% D cuts using sub-
scripts ‘‘0’’ and ‘‘5’’, respectively. Since the feed is in compart-

Ž . Žment A Figure 6a , it is advisable to separate A first Rule0
.4 . However, we can also consider the alternative of using

MSA at the beginning of the separation train. Upon addition
of 5% D, the feed is brought to compartment C . For this5
reason, we can alternatively choose to separate C first.
Therefore, we have four possibilities of separation order,
namely A-B-C, A-C-B, C-B-A, and C-A-B. In this example,
we focus on the C-A-B option, which turns out to be the best
choice. We will also describe briefly two other options, and
show why they are not favorable.

Figure 6a shows the process paths for the C-A-B option
and the corresponding step 3 flowsheet. The development of
this figure is depicted in Figures 6b]6d. First, the MSA is

Ž .added to the beginning of the separation train Rule 22 . We
now focus on the projections of the eutectic surfaces at 5% D

Ž .Figure 6b . C is crystallized in the first crystallizer, whose
Ž .output point 3 must lie within compartment C . We then5

move point 3 to point 4 in compartment A using MSA re-0
Ž . Ž .moval Rule 23 . Since the MSA D has a lower boiling point

than water, we can use a flash column for MSA removal. The
Ž .recovered MSA should be recycled Rule 24 . At this point,

Žwe switch our attention to the projections at 0% D Figure
. Ž .6c . The composition after crystallizing A point 5 must lie

on the projection of eutectic surface AB-ABC-ABCS-ABS.
Solvent removal is then used to move from compartment A0

Ž . Ž .to B Rule 7 . The final mother liquor point 7 must lie0
Ž .within compartment B Figure 6d . This stream is mixed with0

the feed to give point 1.
The option of using A-B-C separation order is illustrated

in Figure 6e. Because the process points are very close to one
another, part of the phase diagram has been exaggerated to
maintain the clarity of the presentation. After recovering
component A, we use solvent removal to move point 2 in

Ž .compartment A to point 3 in compartment B Rule 7 ,0 0
and add MSA to move point 4 in compartment B to com-0

Ž .partment C Rule 23 . The process paths must satisfy sev-5
Ž .eral restrictions. The output of the first crystallizer point 2

must lie on the projection of eutectic surface AB-ABC-
ABCS-ABS. Point 4 must lie on the extension of line B-2
within compartment B . It must also move to compartment0
C upon addition of 5% D. The composition after crystalliz-5
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Ž .ing C point 6 must lie on the extension of line C-4 and
yield point 1 on line A-2 when combined with F. All these
restrictions can only be satisfied if these points are located
close together, as shown in Figure 6e, meaning that their
compositions do not differ by much. Consequently, the re-
quired flow rates for treating a given amount of feed would
be prohibitively high.

Figure 6f depicts the process paths following the A-C-B
separation order. After recovering A, MSA addition is used
to cross from compartment A to C , that is, point 2 to point0 5
Ž .3 Rule 23 . The boundary between compartments C and B5 5

is crossed using solvent removal, that is, point 4 to point 5.
The problem with the flowsheet in Figure 6f is that water

Žmust be removed in the presence of D between points 4 and
.5 . This is not desirable since D has a lower boiling point

than water, so that distillation cannot be used.
Step 4: Addition of Unit Operations for Proper Plant Opera-

tions. In this step, we specify additional units, if necessary,
to ensure proper plant operations. Necessary unit operations
are added to reduce purge losses, remove insoluble impuri-
ties, and decompose any intermediate product formed in the
process to give the desired final product.

Step 4 for Example 2: There is no need for additional sol-
Žvent addition or removal units for the C-A-B option Rules

.10, 11, 27 . A distillation column is used to recover the MSA
Ž .from stream 3 Rule 26 .

Step 5: Selection of Crystallizer Type. The presence of an
MSA creates a restriction on the use of evaporative crystalliz-
ers. If the MSA is more volatile or just slightly less volatile
than the solvent, it will evaporate along with the solvent. This
is often undesirable, unless the MSA has to be removed at
the same time. Irrespective of crystallizer type, the MSA can
be directly added to the crystallizer, or the feed and MSA are
pre-mixed in a mixer preceding the crystallizer.

Step 5 for Example 2: Rule 13 leads to operation at the
Ž .highest practical temperature for the third crystallizer C3 .

The other two crystallizers should be operated at the lowest
Ž .practical temperature Rule 12 . Since the melting points of

the solutes are higher than the normal boiling point of water,
Žwe want to consider using evaporative crystallizers Rules 14,

.15 . Considering the feasible temperature range at which wa-
ter can be evaporated, we choose the lowest and highest
practical temperatures to be 808C and 1108C, respectively. An
evaporative type is not suitable for the first crystallizer since

Žan MSA that is more volatile than the solvent is present Rule
.30 . Since there is no need for evaporation, C1 can actually

be operated at an even lower temperature. However, since
experimental data show that the solubility of C at 808C is
sufficiently low and is not significantly affected by a further
decrease in temperature, we choose to operate this crystal-

Ž .lizer at 808C. The final flowsheet Figure 6d is similar to the
Ž .one proposed by Takano et al. 1999 . We also have the alter-

native of sending streams 7 and 8 directly to C1 without using
Ž .a mixer Rule 31 , if kinetics and mass-transfer limitations

are absent.

Additional Examples
To show how the procedure can be applied to different

types of industrial systems, five additional examples are con-
sidered. Again, we focus on Steps 1 to 5.

Example 3: Reco©ery of adipic acid
This example illustrates how the flowsheet would have been

different if the separation objective were changed. Consider
the three-solute-system discussed in Example 1, but now we
only want to recover A, while B and C are to be purged. An
industrial process represented by this example is the recovery

Ž .of adipic acid A from two other impurities, namely succinic
Ž . Ž .acid B and glutaric acid C . Figure 5a mimics the thermo-

dynamic behavior of an aqueous solution of these dibasic acids
Ž .Cesar and Ng, 1999 . Figure 7a shows two isothermal cuts at
T and T , which are the upper and lower limits, respec-C1 C 2
tively, of the practical operating temperature range. The final
flowsheet is depicted in Figure 7b.

Step 1: Since there is no incentive for separating B and C,
the separation objective is to recover only A.

Step 2: We definitely need a crystallizer to recover pure A
Ž .Rule 1 . We notice from the phase diagram that the concen-

Ž .tration of A in the mother liquor point 2 is about 20%, and
purging can lead to a significant loss of this component. To
avoid the potential loss, we can recycle all of the mother liquor
while removing B and C from the process as solids. We need

Žanother crystallizer for recovering B and C together Rule
.2 .
Step 3: Since the feed is in compartment A, we separate A

Ž .first Rule 4 . B and C are then crystallized together in the
second crystallizer along the BC double-saturation curve
Ž .BC-ABC . Because of the location of point 2, it is conve-
nient to cross from compartment A to C. Since T )T ,C1 C 2
the solubility surfaces at T are below those at T withC1 C 2

Žrespect to the solvent apex see the tetrahedron phase dia-
.gram in Figure 2b . Therefore, solvent addition should be

used to move point 2 in compartment A to point 3 in com-
Ž .partment C Rule 7 .

Step 4: Since the feed already contains solvent and there is
no solvent removal or purge stream in the separation train, it

Table 10. Input Information for Recovering a Heat Sensitive
( )Compound Example 4

( )Feed Composition mole fraction
A 0.20
S 0.80

( )Pure Component Melting Point 8C
Ž .A Decomposes before Melting

D y72.9
S 0.0

( )Binary Eutectic Temperature 8C
AS y7.0

Binary Eutectic Composition
( )mole fraction
A 0.15
S 0.85

( )Range of Allowable Temperature 8C
Ž .A 30 max.

D No Limit
S No Limit

( )Boiling Point at 1 atm 8C
D 85.7
S 100.0

(Solubility of A in S Without Presence
)of D

at 308C 0.3 kg Arkg S
at 58C 0.27 kg Arkg S
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is necessary to add a solvent removal unit after the second
Ž .crystallizer Rule 11 .

Ž .Step 5: In agreement with Rule 13, the first crystallizer C1
Ž .has to be operated at the higher temperature T , while theC1

Ž . Ž .other one C2 at the lower temperature T . As in Exam-C2
ple 1, since the boiling point of the solvent is much lower

Ž .than the melting point of B Rule 14 and the solvent has a
Ž .high relative volatility Rule 15 , an evaporative type can be

used for C1.

Example 4: Reco©ery of a heat-sensiti©e solute
In this example, the generation of flowsheet alternatives

using liquid-liquid phase split is illustrated. Such a process is
useful to recover biochemical and pharmaceutical products,
which are often heat sensitive. Let us consider the recovery

Ž .of a heat-sensitive component A from a solution that only
contains A and a solvent S. The input information is given in
Table 10.

Step 1: Since the solubility of A in S at the allowable tem-
Ž .perature range is relatively high about 0.3 kg Arkg S , evap-

oration of solvent would be necessary to obtain high yield.
However, considering the high normal boiling point of the

Ž .solvent 1008C , evaporation in a feasible pressure range will
subject the product to a temperature above the allowable limit
Ž .308C . Therefore, we choose to use a separation process us-
ing an MSA. Either a class I or class II MSA can be used

Ž .Rules 16 and 18 . Here, we consider an MSA that induces
Ž .liquid-liquid immiscibility D . An isothermal cut at the oper-

ating temperature, chosen to be 258C, is shown along with
Ž .the process paths for two alternatives Figures 8a and 8b .

Step 2: The core structure consists of only one crystallizer,
Ž .since there is only one product to be recovered Rule 1 . We

aim for complete recovery for the solute, but as will be dis-
cussed in Step 4, it is not possible. Therefore, partial purging

Ž .is necessary Rule 3 .
Step 3: There is no separation sequence and no separation

boundary to cross. MSA is introduced before the first crystal-
Žlizer to move the feed into the saturation region of A Rule

.22 . For this system, we can use a decanter or a multistage
Ž .extractor for MSA removal Table 9 .

Step 4: Figure 8a shows the flowsheet alternative with a
mixer and a decanter. The decanter splits the crystallizer out-

Ž .let point 2 into two streams. It is desirable to recover A
Ž .from the solvent-rich stream stream 3 . This can be achieved

Ž .by sending this stream to a solvent removal unit Rule 11 ,
removing some solvent from the process, and recycling the
remainder to the crystallizer. However, this option is not fea-
sible because A might decompose in the distillation unit.
Furthermore, since the composition of stream 3 falls on an

Ž .invariant point P , partial recycle will not be useful and this
Ž .stream has to be purged Rule 21 . Stream 4 is the MSA-rich

Ž .stream, which should be recycled Rule 24 . Because an
amount of D is purged in stream 3, a makeup stream of fresh
D should be added to this recycle stream.

( )Figure 9. Flowsheet alternatives for separating p-cresol and m-cresol Example 5 .
Ž . Ž .a By crystallizing an intermediate compound; b by crystallizing an adduct.
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Figure 8b depicts the alternative of using a multistage ex-
tractor. Stream 2 is contacted countercurrently with D, and

Ž .two streams 3 and 4 are produced. The number of stages in
the extractor can be adjusted so that the solvent-rich stream
contains little A. We assume that a complete recovery of A
can be achieved, and recycle of this stream is unnecessary.
Before purging, stream 3 is sent to a solvent removal unit
Ž .Rule 26 to recover MSA. The MSA-rich stream from the

Ž .extractor stream 4 is recycled.
Step 5: For both alternatives, evaporative crystallizer is not

an option because the MSA is more volatile than the solvent
Ž .Rule 30 . We can add the MSA directly to the crystallizer
Ž .Rule 31 , which eliminates the need of a mixer.

Example 5: Separation of p- and m-cresols
This example illustrates the generation of flowsheet alter-

natives for systems in which intermediate compounds are
formed. It is desired to separate p- and m-cresol from a 50:50
mixture. Crystallization is an attractive technique because p-

Ž . Ž . Žcresol A and m-cresol B are close boilers both having a
.boiling point of 2028C , while their melting points differ quite

Ž .significantly 358C for p-cresol and 10.98C for m-cresol . The
Ž .binary system of these isomers forms a compound AB with2

a congruent melting point at 33.3% A. The two eutectics are
located at 12.5% and 60% A. The presence of the eutectics
prohibits complete separation without an MSA. Therefore,

Ž .we add a solvent class IV MSA to obtain an additional de-
Ž .gree of freedom to work with Rule 20 . Tare and Chivate

Ž . Ž .1976 proposed t-butyl alcohol S , which forms an adduct
with both isomers. The polythermal phase diagram for the
ternary system is shown in Figure 9.

Ž .We need two crystallizers to separate A and B Rule 1 .
Since there is no impurity present in the feed, purging is not

Ž .necessary Rule 3 . The feed is located in compartment AB ,2
which is not one of the desired products. According to the
separation objective, we must visit compartments A and B.
The phase diagram reveals that the feed can be brought to

Ž .compartment A by adding S Figure 9a . For this reason, we
separate A first and then B, and we have to move from com-
partment A to B. However, it is not possible to do so by
solvent addition or removal, because the two compartments
are not adjacent to each other. There are two options to deal
with this problem. The first is crystallizing AB , whose com-2

Žpartment is adjacent to both compartments A and B Rule
.6 . The second is crystallizing AS, which is an adduct that

can be easily separated using distillation. Note that compart-
ment AS is also adjacent to both compartments A and B.
Let us consider the two alternatives one by one.

The flowsheet alternative of crystallizing AB is depicted2
in Figure 9a. To crystallize this intermediate component, an-

Ž .other crystallizer C3 is added between the first and second
crystallizers. We try to use solvent removal to cross the
boundary between compartments A and AB , and solvent2

Ž .addition to move from compartment AB to B Rule 7 . If2
solvent removal only were used to cross from compartment
A to AB , point 5 would have been located on the left side2
of point AB . Consequently, it would not have been possible2
to obtain point 6 which is located near the boundary be-
tween compartments AB and B. For this reason, we use a2

Ž .stream combination combining streams 3 and 8 to yield

Ž .stream 4 Rule 9 . A dissolver is needed at the beginning to
Ž .introduce solvent S to the feed Rule 22 . We do not use

evaporative crystallizers in this process because the boiling
Ž .point of t-butyl alcohol 82.98C is substantially higher than

Ž .the melting points of A and B Rule 15 .
Figure 9b shows the flowsheet alternative using adduct for-

mation. Only two crystallizers are needed in this alternative.
Instead of crystallizing A in the first crystallizer, we recover
the adduct AS. We use solvent removal to cross from com-

Ž .partment AS to B Rule 7 and add a dissolver to introduce
Ž .solvent S to the feed Rule 22 . A distillation column is added

Ž .to recover A from the adduct Rule 29 . S is recycled back to
the dissolver. For the same reason as described above, evapo-
rative crystallizers are not used.

Example 6: Separation of chlorobenzoic acids using a
hydrotrope

This example illustrates the use of the procedure for a sep-
Ž .aration process using a hydrotrope. Colonia et al. 1998 in-ˆ

vestigated the separation of a solid mixture of o- and p-chlo-
Ž .robenzoic acids CBA . These acids are sparingly soluble in

water, but their solubilities are greatly augmented by the ad-
dition of a suitable hydrotrope, sodium butyl monoglycol sul-

Ž .fate NaBMGS . Figure 10a shows two cuts of the phase dia-
gram, taken at different temperatures and hydrotrope con-
centrations. We want to construct a flowsheet for separating

Ž . Ž .a mixture of 30% o-CBA A and 70% p-CBA B into its
pure components.

The final flowsheet is given in Figure 10b. We need a sol-
Ž .vent type IV MSA , which provides an additional degree of

Ž .freedom Rule 20 , and also an MSA that selectively affects
Ž .the solubility of the desired products Rule 16 . In this case,

Ž . Ž .water W is used as the solvent and the hydrotrope H as
Ž .the MSA. Two crystallizers are needed Rule 1 , and purging

Žis not necessary since there are no impurities in the feed Rule
.3 . The solid mixture is completely dissolved by adding water

and NaBMGS, producing stream F. Since this point is in the
Ž .saturation region of B at C and T Figure 10a , we chooseH, 1 1

Ž .to crystallize B first Rule 4 . This is achieved by adding wa-
ter to change the hydrotrope concentration to C . Next, weH, 1
notice that point 2 would move to the saturation region of A

Ž .at a lower hydrotrope concentration C , which we assumeH, 2
to be zero. Therefore, a suitable MSA removal unit must be

Ž .identified and added Rule 23 . To avoid co-precipitation, the
hydrotrope removal must be done at a higher temperature
Ž .T . Figure 10a also reveals that water must be removed in2
order to move from point 3 to point 4 and crystallize A. We
add a dissolver at the beginning of the train to introduce the

Ž .MSAs Rule 22 Additional water is directly added to the
Ž . Ž .first crystallizer C1 Rule 31 . an evaporative type is used

Ž .for the second crystallizer C2 , since the melting points of
Ž .the CBAs 1418C and 2428C are much higher than the boil-

Ž .ing point of water Rule 14 and there is no MSA present in
Ž .this part of the process Rule 30 .

Example 7: Calcium carbonate and magnesium oxide from
dolomitic materials

Let us now consider an example in which reactive crystal-
lization is involved. It is desired to obtain calcium and mag-
nesium compounds from dolomitic materials such as dolomite
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Ž . Ž .calcine a mixture of CaO and MgO MacIntire, 1938 . Both
oxides can form hydroxides in their aqueous solutions, but
MgO has a much lower solubility than CaO. Therefore, it is

Ž .convenient to use water as a solvent class IV MSA for this
separation process. MgO is considered as an insoluble impu-
rity, although in reality it is present in a very small amount in

Ž .the solution. Since calcium carbonate CaCO is an impor-3
tant industrial product with many applications, we want to
obtain this compound by reacting CaO with CO , which serves2

Ž . Ž .as a reactive MSA class III Rule 19 . CaCO is only slightly3
soluble in water, but its solubility is further decreased by the
presence of NH . For this reason, we also want to use gaseous3

Ž .NH as a class I MSA Rule 16 . A possible phase diagram is3
sketched in Figure 11a. For this reactive system, we use a set

Žof reaction-invariant transformed coordinates Ung and Do-
.herty, 1995; Berry and Ng, 1997; Samant and Ng, 1998 . We

consider four components in the transformed coordinates:
Ž . Ž . Ž . Ž .CaO A , CO B , CaCO C , and water S , and one reac-2 3

tion: Aq B™C. MgO is not included in the phase diagram,
since it is considered completely insoluble. Two saturation
curves are shown; the first is when NH is not present, and3
the other is with 10% NH .3

Figure 11b depicts the flowsheet for this process. We use
Ž .one crystallizer for recovering calcium carbonate Rule 1 .

Figure 10. A flowsheet alternative for separating chloro-
( )benzoic acids Example 6 .

Ž . Ž .a Isothermal, isoplethal cuts of the phase diagram; b
flowsheet structure.

Figure 11. A flowsheet alternative for production of cal-
(cium carbonate and magnesium oxide Ex-

)ample 7 .
Ž . Ž .a Phase diagram; b flowsheet structure.

Purging is not necessary since the only impurity present is
Ž .MgO, which is recovered as a solid Rule 3 . Water is added

Ž .to a dissolver at the beginning of the process Rule 22 . A gas
Ž .stream containing CO and NH stream 7 is fed to the re-2 3

active crystallizer to move point 2 into the saturation region
Ž X.of C point 2 , causing C to crystallize. The composition

then moves to point 3. We need a separation unit to remove
Ž .NH from the mother liquor Rule 26 . Due to the low solu-3

bility of NH in water at elevated temperatures, a flash tank3
would be adequate for this purpose. Unconverted CO is also2

Ž .separated to the gas stream stream 5 , causing the solution
composition to move to point 4. Stream 5 is recycled to the

Ž .crystallizer Rule 24 . To separate MgO, we must add a filter
Ž .right after the dissolver Rule 28 . Since gaseous MSAs are

added to the reactive crystallizer, we do not use an evapora-
Ž .tive crystallizer Rule 30 .

Step 6: Evaluation of Flowsheet Alternatives
In Step 6 of the unified procedure, we select the best feasi-

ble process among the alternatives we have generated. There
are two sub-steps. In the first, we determine the number of
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design variables by a degree of freedom analysis and select
an appropriate set of design variables. The range of the de-
sign variable values which does not violate practical or mate-
rial balance constraints should be determined. For example,
if we select the amount of solvent evaporated in a crystallizer
as a design variable, we have to consider the restriction im-
posed by the increasing slurry viscosity as more solvent is re-
moved. If the composition of a stream is chosen as a design
variable, we always have to make sure that the selected com-
position does not cause any flow rate to become negative,
and that each process point is located in an appropriate com-
partment.

There exist geometric constraints, related to the phase be-
havior, which can be used to guide process synthesis. This is
illustrated with the process alternative using a multistage ex-

Ž .tractor Figure 8b . In this configuration, the design variables
are the compositions of streams 2 and 4. By solving the mate-
rial balance around the extractor, the following expression
for x rx is obtainedA, 3 S, 3

x x 1y x y x 1y xŽ . Ž .A , 3 A , 2 S , 4 A , 4 S , 2
s . 5Ž .

x x 1y x y x 1y xŽ . Ž .S, 3 S , 2 A , 4 S , 4 A , 2

Clearly x and x cannot be negative and the righthandA, 3 S, 3
side of Eq. 5 must be greater than or equal to zero. We fur-
ther notice that any straight line passing through point A can

Ž .be represented by x r 1y x sconstant, which has a valueS A
between zero and one. Specifically, line AD is represented

Ž . Ž .by x r 1y x s0 and line AS by x r 1y x s1. SinceS A S A
stream 4 always contains more D than stream 2, it must be
true that line A-4 is always closer to AD than line A-2, that

is

x xS, 2 S , 4
) . 6Ž .

1y x 1y xA , 2 A , 4

This implies that the denominator of the righthand side of
Eq. 5 is always positive. Consequently, the numerator should
be non-negative, or

x xA , 2 A , 4
G 7Ž .

1y x 1y xS, 2 S , 4

Geometrically, the inequality of Eq. 7 implies that point 2
should always be above the line connecting S and 4, and the
equality implies that points S, 2, and 4 are collinear. If it is

Ž .desired that stream 3 contains no A x s0 , the two sidesA, 3
Ž .of Eq. 7 are equal because of Eq. 5 . Since point 2 should

always lie on line PQ and point 4 should always fall on the
LLE curve below Q, this means that line PQ must be able to
intersect line S-4 for the equality to hold. This geometric
constraint can be used to quickly screen whether it is possible
to set x s0.A, 3

In the second sub-step of Step 6, the economics of each
feasible flowsheet alternatives is evaluated. This is illustrated

Ž .with the production of salt Example 8 . Sodium chloride,
NaCl, is mainly produced from either seawater or deposits on

Ž .land Rousseau, 1994 . Let us consider a process for recover-
ing NaCl using the latter method. Water is pumped into the
mine to dissolve the solid salt, as well as a small amount of
impurities, and the solution is then crystallized to produce
salt crystals. Table 11 shows the input information for this
example.

( )Table 11. Input Information for the Production of Salt Example 8

Physical Properties of NaCl
Melting point 800.48C

y1Enthalpy of crystallization 500 kJ ?kg
y3Crystal density 2,000 kg ?m

Physical Properties of Water
y1Heat of vaporization 2,360 kJ ?kg

y1 y1Specific heat 4.2 kJ ?kg ?K
Properties of NaCl-H O System2

Incongruent melting point of NaCl.2H O 0.158C2
Ž .Solubility of NaCl in water Perry et al., 1997 Ss0.357q0.00041T kgrkg H O2

Ž .T in 8C
y1 y1Ž .Specific heat of aqueous NaCl solution Perry et al., 1997 C s4.135y3.1158 x kJ ?kg ?Kp A

Ž .x s weight fractionA
y3Solution density 1,000 kg ?m

Physical Properties of Acetone
y1Heat of vaporization 500 kJ ?kg
y1 y1Specific heat 1.04 kJ ?kg ?K

Boiling point at 1 atm 56.108C
Ž .Relative volatility water s1 4

( )Properties of NaCl-H O-2-Propanol System Figure 13a2
Composition of invariant points at 258C

Ž .Gomis et al., 1994
Ž .Aqueous phase point L 7.5% PrOH; 21.3% NaCl; 71.2% water1
Ž .Organic phase point L 75.5% PrOH; 1.7% NaCl; 22.8% water2

( )Properties of NaCl-H O-DiPA System Figure 13b2
Composition of invariant points at 258C
Ž .Weingaertner et al., 1991

Ž .Aqueous phase point L 0.6% PrOH; 26.0% NaCl; 73.4% water1
Ž .Organic phase point L 93.2% PrOH; 0.1% NaCl; 6.7% water2
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We begin by developing the process alternatives. A solvent
Ž .in this case, water is needed to obtain an additional degree

Ž .of freedom Rule 20 . The phase behavior of the NaCl-H O2
Ž .system shows the presence of a hydrate NaCl.2H O which2

Ž .has an incongruent melting point at 0.158C Mullin, 1993 .
Below this temperature, the hydrate is crystallized out. Pure
NaCl can only be precipitated from the solution above this
temperature. In the range of 0]2008C, the solubility of NaCl

Ž .varies only slightly with temperature Perry et al., 1997 .
Therefore, Rules 16 and 17 suggest the use of another MSA
in addition to water. Alternatives with and without using an
additional MSA will be explored.

We first consider the alternatives without using an MSA.
The flowsheet is shown in Figure 12a. Only one crystallizer is

Ž .needed Rule 1 , and partial purging is required since impuri-
Ž .ties are present Rule 3 . Since the solubility of NaCl in-

creases as temperature increases, we should operate the crys-
Ž .tallizer at a lowest practical temperature Rule 12 . Due to

the high melting point of NaCl and the fact that water is
much more volatile than NaCl, we have the option of using

Ž .an evaporative crystallizer Rule 15 . Note that if the flow
rate of stream 6 is zero, we have a cooling crystallizer.

Next, we consider MSAs that can reduce the solubility of
Ž .NaCl in water Rule 16 . Three organic solvents are potential

candidates. Acetone, which has a low heat of vaporization, a
low specific heat, a high relative volatility with respect to wa-
ter, and does not form azeotropes with water, falls into class

Ž .I. Other candidates are 2-propanol PrOH and diisopropy-
Ž . Žlamine DiPA , which belong to class II Hanson and Lynn,

.1989; Weingaertner et al., 1991 . Figures 12b and 12c show
Ž .the flowsheets for the processes using a class I MSA acetone

Ž .and a class II MSA PrOH or DiPA , respectively. The phase
behaviors of these systems at 258C are depicted in Figure 13.
The flowsheet structure includes one crystallizer, and a purge
stream is needed. We add an MSA addition unit prior to the

Ž .crystallizer Rule 22 . An MSA recovery unit should be placed
Ž .after the crystallizer Rule 26 . The choice of the MSA recov-

Ž .ery unit depends on the MSA Table 9 . The water-rich stream
Ž .stream 7 is recycled to the mine. Due to loss in the purge,

Ž . Ž .fresh water stream 8 and MSA stream 9 must be added.
ŽThe immiscibility between water and DiPA without the pres-

.ence of NaCl at 258C suggests the use of a multistage extrac-
Ž .tor to obtain an MSA-free aqueous phase as in Example 4 .

However, it is not possible to obey the constraint described in
Eq. 7, so the option is not feasible.

Table 12 summarizes the alternatives and lists the design
variables and the key material balance equations for each al-

Ž .ternative. The crystallizer temperature T 8C determines theC
Ž .composition of crystallizer output stream 3 . The choice of

T depends on various factors. For example, Weingaertner etC
Ž .al. 1991 stated that it is better to operate the crystallizer at

a temperature where only one liquid phase is present, proba-
bly due to the belief of having better mixing. The evaporation

Ž .ratio f in the alternatives without MSA is defined as thee
fraction of water entering the crystallizer being evaporated,

Ž .that is, F r F x . The recycle ratio f is defined as the6 2 S, 2 r
Žfraction of the water-rich stream being recycled F rF in the5 3

alternatives without MSA and F rF in the alternatives using7 5
.MSA . The effective dissolution temperature in the mine TM

Ž .8C is assumed to be fixed. Using these equations, it is possi-
ble to evaluate the economics of the flowsheet alternatives.

Figure 12. Flowsheet alternatives for the production of
( )salt Example 8 .

Ž . Ž . Ž .a Without MSA; b with a class I MSA; c with a class
II MSA.

The values of the key design variables and parameters used
in the economic evaluation are listed in Table 13. In the al-
ternative using a cooling crystallizer, the crystallizer tempera-
ture has been chosen to be as low as possible but slightly
above the minimum temperature at which crystals of pure

Ž .NaCl can be obtained 0.158C . In the alternative using an
evaporative crystallizer, we choose f to be 0.25 by consider-e
ing the maximum slurry viscosity that can be handled. The
crystallizer is operated at 508C, considering the high cost of
vacuum to operate below this temperature. A purity level of
99.5% is assumed for the distillation column in the alterna-
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tive using acetone. For the alternatives utilizing liquid-liquid
Ž .phase split using 2-propanol and DiPA , the crystallizer is

operated at a much lower temperature compared to the de-
Ž .canter in order to enhance product yield Rule 12 .

Ž .We can now compare the Total Annualized Costs TACs
of these alternatives using a capital charge factor of 1r3 years.

Ž .Shortcut equipment models suggested by Douglas 1988 are
used along with equipment and energy cost data from Peters

Ž .and Timmerhaus 1980 . Only the major components of
equipment and energy costs are taken into account in this
preliminary evaluation. Figure 14 shows the relative TACs of
the five alternatives, using the conventional industrial process
with evaporative crystallizer as the base case. The TAC for
alternatives using MSA is presented as a function of the
amount of MSA used.

As expected, the TAC for the alternative using cooling
crystallizer is much higher compared to the base case. With
an approximately 2% recovery of the NaCl in the feed, the
recycle stream is large and a large crystallizer is needed. The
alternative of using acetone offers a lower cost when x )D, 3
0.15. This is primarily due to a lower energy requirement for
acetonerwater distillation as compared to water evaporation
and steam ejectors in the base case. For low concentrations
of acetone, the solubility of NaCl in water is not substantially
affected. Therefore, the TAC approaches the TAC for cool-
ing crystallizer as x decreases to below 0.15. For processesD, 3

Ž .using immiscible drowning-out agents 2-propanol and DiPA ,
we observe an optimal value of x which leads to a mini-D, 3
mum in TAC. It is apparent that the use of MSA can lead to
a significant decrease in TAC.

We now compare in more detail the economics of the two
different MSA alternatives, which is dictated by the phase
behavior. As indicated by Eq. 14, the crystallizer size is deter-
mined by the compositions of aqueous and organic streams

Ž .leaving the decanter streams 4 and 5 , and the cost related
to the crystallizer is the single dominating factor for both al-

ternatives. Let us first consider the NaClrH Or2-propanol2
Ž .system Figure 13a . As x increases, the composition ofD, 3

stream 5 moves towards L along the aqueous-phase LLE2
Ž .curve L P , while that of stream 4 moves towards L along1 1

Ž .the organic-phase LLE curve L P . As a consequence, the2
concentration of NaCl in stream 5 slightly decreases, and the
water content in stream 4 rapidly increases. As pointed out

Ž .by Weingaertner et al. 1991 , high water content in the or-
ganic phase leads to a high flow rate of this recycle stream.
The behavior of TAC vs. x is different for theD , 3

Ž .NaClrH OrDiPA system Figure 13b . Since the decrease in2
solubility due to the addition of DiPA is not as significant as
in the case of 2-propanol, a large MSA recycle stream is re-
quired and the TAC of this alternative becomes very high for
low values of x . However, as x increases, the salt con-D, 3 D , 3
tent of stream 5 decreases significantly. This means more salt
can be dissolved and a smaller crystallizer is required. Obvi-
ously, there is a limit on how much MSA can be used. If the

Ž .MSA content is too high x )0.7 , the TAC again in-D, 3
creases due to the large recycle flow of the MSA.

ŽThe results clearly show that the use of MSA especially
.DiPA can lead to a significant reduction in cost, compared

to the conventional evaporative crystallization technique. The
reduction is mostly due to the elimination of the energy-in-
tensive water evaporation step. Clearly, a more detailed eval-
uation accounting for equipment units for heat exchange and

Žpurification of MSA before recycling extractor and steam
. Ž .stripper can be performed Weingaertner et al., 1991 . Al-

though we may obtain different optimum operating condi-
tions from such an evaluation, it is unlikely that it would af-
fect the conclusion on which is the best alternative.

Conclusions
A unified procedure summarized in Figure 15 for the de-

sign of crystallization-based separation processes has been

Table 12. Design Equations for Alternatives Considered in the Production of Salt

Ž .None Cooling or Evaporative Crystallizer Acetone 2-PrOHrDiPA
Ž . Ž . Ž .MSA Figure 12a Figure 12b Figure 12c

Design Variables T , f , f T , f , x , x , x T , f , x , TC r e C r D , 3 D , 4 D, 5 C r D , 3 D

Ž .Key Design Production yield of NaCl: Additional relationship for stream 1:
x xEquations A , 2 A , 3 Ž .y 1y fe x x xx x A , 1 A , 1 D , 5S, 2 S, 3 Ž . Ž .P s F 8 s 1q f 12A F rx x ž / ž /A , 2 A , 3 x 1y x xS, 1 A , 1 S, 5Ž .y f 1y fr ex xS, 2 S, 3

Ž .Crystallizer sizing: Production yield of NaCl:
1 xA , 5Ž . Ž .1y f 1y fe rx xS, 3 S, 5Ž . Ž .F s F 9 P s F 1y 133 F A Fx x x xA , 2 A , 3 A , 1 A , 5Ž .y f 1y f y fr e rx x x xS, 2 S, 3 S, 1 S, 5

Amount of water evaporated: Crystallizer sizing:
1 x y xD , 4 D , 5ž /F f x x y xF e S, 5 D , 4 D , 3Ž . Ž .F s 10 F s F 146 3 Fx x x xA , 2 A , 3 A , 1 A , 5Ž .y f 1y f y fr e rx x x xS, 2 S, 3 S, 1 S, 5

Heat requirement in crystallizer: Heat requirement in crystallizer:
Ž . Ž .Qs F C T yT q F D H Qs F C T yT3 p, 3 C ref 6 ® 3 p, 3 C ref

Ž . Ž . Ž . Ž .y F C T yT y P D H 11 y F C T yT y P D H 152 p, 2 M ref A cryst 2 p, 2 2 ref A cryst
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Figure 13. Isothermal phase diagrams at 258C.
Ž . Ž . Ž .a NaCl]water]2-propanol Gomis et al., 1994 ; b

Ž .NaCl]water]DiPA Davison et al., 1966 .

Table 13. Design Variables and Parameters for the
Production of Salt

All Alternati®es
y1Production rate 10 ton ?h

Effective dissolution temperature in the mine, T 258CM
Recycle ratio, f 0.99r

Cooling Crystallizer Alternati®e
Crystallizer temperature, T 18CC

E®aporati®e Crystallizer Alternati®e
Crystallizer temperature, T 508CC

Drowing-Out with Acetone Alternati®e
Crystallizer temperature, T 258CC

Ž .Distillate composition weight fraction
Water 0.005
NaCl 0

Ž .Bottoms composition weight fraction
Acetone 0.005

Drowning-Out with 2-Propanol Alternati®e
Crystallizer temperature, T 08CC
Decanter temperature, T 258CD

Drowning Out with DiPA Alternati®e
Crystallizer temperature, T y58CC
Decanter temperature, T 258CD

Figure 14. Comparison of five process alternatives in
terms of relative Total Annualized Cost for
the production of salt.

Figure 15. Summary of the unified procedure for syn-
thesizing crystallization-based separation
processes.
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presented. Unlike existing design methods, this procedure is
not restricted to a specific crystallization technique. Rather
than providing ready-made flowsheet structures to match
specific phase behaviors, it guides the user to generate flow-
sheet alternatives in an evolutionary manner. Depending on
the separation objectives and the phase behavior of the sys-
tem on hand, the resulting process alternatives may fall into
one of the conventional processes or a combination of them.
Flowsheet alternatives for conventional techniques presented

Žin the literature Dye and Ng, 1995a, b; Berry et al., 1997;
.Berry and Ng, 1997 can be rediscovered.

This procedure focuses on product recovery. Product qual-
Ž .ities such as the crystal-size distribution CSD , and kinetics

Žand mass transport effect in crystallization Kelkar and Ng,
.1999 were not considered. The crystal products are usually

sent to a series of downstream processing unit operations,
such as filtration, washing, dewatering, recrystallization, and

Ždrying, where CSD plays an important role Chang and Ng,
.1998 . Furthermore, it is common that the crystals are then

fed into a bulk solids processing plant to produce a solids
Ž .product Wibowo and Ng, 1999 . A truly optimum crystalliza-

tion plant can be designed only by considering the interac-
tions among crystallization, downstream processing, and bulk
solids processing systems. Efforts in this direction are now in
progress.
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Notation
C sspecific heat of stream i, kJ ?kgy1 ?Ky1

p, i
F smass-flow rate of stream i, kg ?hy1

i
D H sheat of crystallization, kJ ?kgy1

cr y st
D H sheat of fusion of component i, J ?moly1

m , i
D H sheat of vaporization, kJ ?kgy1

®
Qsheat requirement in crystallizer, kJ ?hy1

Rsuniversal gas constant, s 8.314 J ?moly1 ?Ky1

T sdecanter temperature, 8C or KD
T smelting point of component i, 8C or Km , i
T sreference temperature, 8C or Kref

x smol or weight fraction of component i, dimensionlessi
g sactivity coefficient of component i, dimensionlessi
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Correction
In the article titled ‘‘Corrected Horvath-Kawazoe Equations for Pore-Size Distribution’’´

Ž .by Salil U. Rege and Ralph T. Yang pp. 734-750, April 2000 the following corrections are
made:

v On page 736, the equation for the adsorbate dispersion A as given by the Kirkwood-A
Ž .Muller formulae Eq. 4b was incorrectly given as:

3
2A s mc a aA s A2

The correct formula to be used is as follows:
3

2A s mc a xA A A2
v Ž .The diameter of the nitrogen adsorbate molecule Table 1, page 737 used in the

˚ ˚cylindrical pore model is 3.72 A and not 372 A, as erroneously published.
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