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A method is presented that synthesizes fractional crystallization separation processes 
to obtain pure solids from conjugate salt solutions. The method, which includes a pro- 
cedure to generate phase diagrams by using solubility products, explains how to calcu- 
late concentrations of all components in a system given a point on a Janecke projection. 
Both multivalent ions and species that exhibit complex-ionic equilibrium are considered. 
For solutions from which only simple salts crystallize, three separation classes are identi- 
fied. The classification is based on the composition of the feed, the characteristics of the 
phase diagram, and the product salts. Class I separates compatible salts, Class II in- 
compatible salts, and Class III two compatible salts and one incompatible salt. Process 
paths and design equations for each class are also presented. Guidelines proposed select 
the separation sequence and the stream compositions based on the effects of the design 
variables on stream flows and on total annual cost. The method is applicable to systems 
in which hydrates and double salts are present. An example given shows how to obtain 
simple salts from these systems. 

Introduction 
Fractional crystallization effects separations by manipulat- 

ing the relative solubilities of the components in a solution by 
dilution, evaporation, dissolution, stream combination, and 
temperature swing. The technique is used to separate a wide 
variety of chemicals. For example, minerals such as borax, 
lithium sulfate monohydrate, potash, sodium carbonate, and 
sodium chloride are crystallized from brines (Hightower, 1951; 
Mehta, 1988; Jongema, 1993). Sodium tripolyphosphate is 
precipitated from solutions of soda ash and orthophosphoric 
acid (Ainsworth, 1994). Of equal importance is the fractional 
crystallization of organic salts to resolve optically active fine 
chemicals and pharmaceuticals (Paul and Rosas, 1990; Stin- 
son, 1994). For example, one of the steps in the manufacture 
of both cilastatin and permethrin is to crystallize an optically 
pure diastereoisomeric salt that is a precursor to the final 
product (Fogassy et al., 1988; Meul, 1992). 

Despite the significance of fractional crystallization of salts, 
little information is available on the conceptual design of 
these processes. Purdon and Slater (1946) gave a detailed ac- 
count of the use of temperature and solvent swings to effect 
crystallization. An abbreviated version is found in Mullin 
(1993). Fitch (1970) discussed various fractional crystalliza- 

Correspondence concerning this article should be addressed to K. M. Ng. 

tion schemes. Cisternas and Rudd (1993) extended this work. 
A limitation of all the designs just listed is that they are based 
on points of multiple saturation where cocrystallization oc- 
curs. Also, calculation of phase diagrams and solubilities is 
not addressed. And the effects of incomplete dissociation and 
complex-ionic equilibrium on design equations are not con- 
sidered. 

Recently, systematic methods have been developed for the 
conceptual design of crystallization processes for molecular 
systems. Rajagopal et al. (1991) and Dye and Ng (1995a) dis- 
cussed the use of extractive crystallization to completely sep- 
arate two and three solutes from a solution, respectively. A 
similar approach was taken for the conceptual design of frac- 
tional crystallization processes (Rajagopal et al., 1988; Dye 
and Ng, 1995b). Furthermore, Ng (1991) provided a system- 
atic method to separate a multicomponent mixture of molec- 
ular solids. 

This article gives a design method to synthesize fractional 
crystallization processes for separating conjugate salts from 
systems composed of simple and compound salts. The objec- 
tive is to identify process alternatives, constraints, and costs. 
First, we discuss the generation of phase diagrams. The ex- 
ploitable features of a phase diagram essential for synthesiz- 
ing separation schemes are identified. The calculations nec- 
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essary to solve for the concentration of any component in the 
system given a point on a Janecke projection are presented. 
Second, we propose three general separation classes to ob- 
tain pure salts. The process paths, equipment configurations, 
and design equations are given for each class. Based on the 
effects of the design variables on the flows and on the total 
annual cost, guidelines are proposed for the selection of the 
separation sequence and the compositions of the streams. 
Third, we show that the operations used in systems of simple 
salts, can be used to recover pure salts from systems contain- 
ing compounds and hydrates. 

Description of Phase Behavior 
A quaternary conjugate salt system is formed by dissolving 

two salts without a common ion in an inert solvent. As a re- 
sult of a metathesis reaction, a total of four simple salts may 
precipitate from solution. For example, consider the reaction 
between salts A x X a  and ByYb to produce AyYa and BxXb: 

where A x X a  and ByYb are conjugate salts of AyYa and BxXb. 
The ions of the salts may incompletely dissociate, interact via 
complex-ionic equilibrium, or they may also react to form 
compounds (Butler, 1964; Fleck, 1966). The conditions under 
which specific salts precipitate are represented on a phase 
diagram. 

Figure 1 is a phase diagram for an aqueous system formed 
from monovalent salts in Eq. 1, where A + ,  B', X -  and Y- 
represent A -[Co(oxXen),]+, A -[Co(ox)(en),l+, C1-, and 
d-H,tart-, respectively. The coordinates of a point on the 
diagram are given by the ratio of [ B ]  to the total cation con- 

BY 

Figure 1. Phase diagram for a conjugate salt pair of op- 
tically active cobalt(ll1) complexes at 25°C. 
AX = A-[Co(o~)(en)~]Cl, A Y  = A-[Co(ox)(en),]d-Hgtart, 
EX = A-[Co(~x)(en)~]Cl, and BY = A - [ C o ( o ~ ) ( e n ) ~ l d -  
Hstart. 
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Figure 2. Jlnecke projection for ( A  -[Co(ox)(en),l+, 
A-[Co(ox)(en),If)-(Cl-, d - H,tart - 1  at 
25°C. 
The salts are represented by the notation given in Fi ure 1. 

= 4x K,, = 6 x  and K,, = 8x  Open cir- 
cles are experimental data due to Fuyuhiro (1979). 

The solubility products of the salts are K,, = 4 X 10- 5 , KAY 

centration (Ig), by the ratio of [ Y ]  to the total anion concen- 
tration (ry), and by the mass of solvent per equivalent of salt 
(l/z). Points labeled with A X ,  BY, AY, and BX are solu- 
tions of the respective pure salt dissolved in solvent. The 
double-saturation points ( K ,  L ,  M,  and N )  represent solu- 
tions saturated with the two salts along the same edge of the 
diagram. The triple-saturation points ( P  and Q )  are saturated 
with three salts ( A X ,  BY, BX, and AX, BY, AY, respec- 
tively). The regions bounded by AX-L-Q-P-K, BY-N-P-Q-M, 
AY-L-Q-M, and BX-K-P-N represent the saturation su$aces 
for AX, BY, AY, and BX, respectively. These surfaces rep- 
resent the conditions where a pure salt is equilibrated with 
solution. The system is saturated with two salts along the 
double-saturation troughs PK, PN, PQ, QL, and QM. AX and 
BY are called compatible salts because these salts contain all 
the ions in the system and they coexist along trough PQ. 
Conversely, AY and BX are the incompatible salts. 

Figure 2 is the Janecke projection of the same system. The 
diagonal joining the (in)compatible salts is called the 
(in)compatible salt-pair diagonal. The surfaces, troughs, and 
points on the projection are labeled in an identical fashion as 
in the square-prism phase diagram. Both diagram and projec- 
tion were calculated by using solubility products. The calcula- 
tions required to generate a phase diagram and Janecke pro- 
jection will be discussed in the following section. Further- 
more, even though the system was assumed to be an ideal 
solution, the model results are in good agreement with exper- 
imental data (open circles) due to Fuyuhiro et al. (1979). 

Although a quaternary system has a maximum of six de- 
grees of freedom, a maximum of three solid phases may coex- 
ist on phase diagIams used for design of crystallization proc- 
esses. The phase diagram is insensitive to pressure because 
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the system is condensed. One degree of freedom is taken by 
specifying the existence of a solution phase at all composi- 
tions. Another degree of freedom is taken by specifying the 
temperature. One should note that there is an invariant point 
at which four solids equilibrate with solution. Therefore, it is 
possible for the compatibility of the salt pairs to be reversed 
by a change of temperature. For example, in the aqueous 
system NaIO,.H,O + KCI = NaCl+ KIO, + H,O, the first 
pair is compatible below, the second pair above 39.5"C (Ricci, 
1951). In most systems, the conditions at which compatibility 
inversion occurs are not appropriate for crystallization proc- 
esses; therefore, we do not consider this phenomenon in the 
sections that follow. 

Calculation of Janecke projections by using solubility 
products 

Solubility products are used to generate Janecke projec- 
tions of quaternary conjugate salt solutions. Values for solu- 
bility products of sparingly soluble salts at 298 K can be found 
in Chang (1990), Sohnel and Garside (1992), among others. 
The values of the solubility products may either increase or 
decrease with temperature. The method to calculate the 
Janecke projections does not change. 

In this section it is assumed that compounds do not form 
and that the salts completely dissociate in the solvent. The 
ordinate (r,) and the abscissa (ry) of the Janecke projection 
are given by 

(2) 

To calculate the coordinates of point P,  use the following 
solubility products: 

The solubility products are on a one-equivalent basis to avoid 
raising the activity coefficients and ionic concentrations to 
large exponents (Meissner and Kusik, 1979). Models for cal- 
culating the activity coefficient are given elsewhere (Pitzer, 
1973; Nicolaisen et al., 1993). After rearranging Eqs. 4 
through 6, the following ratios can be calculated for given 
values of the solubility products: 

In order to plot point P in the coordinate system used in 
Janecke projections (Figure 2), it is necessary to transform 
R, to r, and R,  to r,. Because an analytical transformation 
is not possible, the following procedure is given to obtain the 
relationship between rB and R,. By assuming values for [ A ]  
and [ B ] ,  the values of r, and R,  are calculated using Eqs. 2 
and 7, respectively. This procedure is repeated for the entire 
range of r, and R ,  between 0.0 and 1.0. Figure 3 shows rB 
as a function of RB for the specific case of a = 2 and b = 3. 
A similar relationship between r ,  and R ,  can be deter- 
mined by assuming values for [ X I  and [ Y ] .  The coordinates 
of the other triple-saturation point Q are calculated in a sim- 
ilar manner; however, in this case the solubility products for 
ByYb, A,X,,  and A Y are used in the calculations. 

The double-saturation troughs PK, PN, QL, QM, and PQ 
are calculated from the solubility products of the two salts 
that equilibrate along the respective trough. For example, 
consider the compatible-salt trough, PQ. By multiplying R, 
and R,  one obtains 

y ." 

Multiplying (1 - R,) and (1 - R,) gives 

0.0 
0.0 0.2 0.4 0.6 0.8 1.0 

RB = 
[A]'/a+[B]l/b 

Figure 3. Relationship between r ,  and R, for a = 2 and 
b = 3 .  
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Solving for R, using Eqs. 9 and 10 gives 

R,  is obtained from Eq. 9. The values of R, and R,  are 
transformed to rB and ry ,  respectively, by use of a plot such 
as the one given in Figure 3. The compatible-salt trough is 
generated by plotting several values of r, and r y  onto the 
Janecke projection. It can be shown that PQ is always a curve. 
In contrast, the other double-saturation troughs are straight 
lines perpendicular to their respective edges in Figure 2. 
These troughs only become curved as a result of complex-ionic 
equilibrium or nonideality. 

Calculation of salt solubilities and concentrations 
From the coordinates of a point plotted on a Janecke pro- 

jection, it is possible to calculate the concentrations of all the 
species in the solution. To illustrate the required calcula- 
tions, consider point a on Figure 2. A charge balance gives 

The mass of solvent per equivalent is given by 1/z. Eliminat- 
ing [ B ]  in Eq. 12 with Eq. 2, we get 

a(1- r,)z 
= a2 + ( b 2  - a2)r,. 

Similarly, we get from Eqs. 12 and 3 

x(1- r y ) z  
x 2  + ( y 2  - x2)r,' [ X I  = (14) 

Since point a lies on the A x X a  saturation surface, this is the 
only solubility product used in these calculations. Substitut- 
ing [ A ]  and [ X I  from Eqs. 13 and 14 into Eq. 4 and then 
solving for z gives 

By using Eqs. 13 through 15, the concentrations [ A ]  and [ X I  
can be calculated. The concentrations of [ B ]  and [ Y ]  are 

(16) 

The concentrations calculated in Eqs. 13 through 17 can be 
used to calculate the solubility and concentrations of the salts 
as follows: 

where the molecular weight of the respective salt ( W )  is used 
to calculate the concentration of the salts in kg salt per kg 
solvent. The preceding formulas reflect the fact that the con- 
centration of a salt is determined by the amount of the limit- 
ing counterion. The concentration of A,Xa is at its solubility 
limit because point a lies on the A x X a  saturation surface. 

Solubilities and concentrations with complex-ionic 
equilibrium 

The phase diagram for a system undergoing complex-ionic 
equilibrium can be calculated exactly as described in the pre- 
vious sections because r, and r y  depend on only [Bl/z and 
[Y l / z ,  respectively. The positions of the troughs do not 
change on the Janecke projection; however, the concentra- 
tions of the salts do change. 

To calculate the concentrations of the salts the concentra- 
tions of the complexes must be included in the material and 
charge balances. Since expressions for a general system are 
cumbersome, the following example is used to illustrale the 
procedure: 

1 1 1 
-A2X + -BY, = AY + -BX. 2 2 2 

(22) 

Table 1 shows the relationships that hold for the system. Dis- 
sociation constants for many inorganic systems are given by 
Linke and Seidell (1958). Solving for [ B ]  and [ Y ]  in Eqs. 2 
and 3, respectively, gives 

A charge balance accounts for all the species present in solu- 
tion 

[ A ]  + [ B Y ]  +2[B] = [ A X ]  + 2 [ X ]  + [ Y I .  (25) 
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Table 1. Dissociation Constants for Species in Eq. 22 

IAX-lIA'l 

Again, we assume that the point on the Janecke projection at 
which the concentrations are being calculated lies on the 
A X ,  saturation field. By substituting Eqs. 4, 23, 24, and the 
appropriate relationships given in Table 1 into Eq. 25, the 
following expression is obtained: 

r y [ X l  
2(1-  r y )  

= 2 [ X ] +  . (26)  

Equation 26 involves a single unknown [ X I ,  which must be 
calculated iteratively. It is for this reason that we do not cal- 
culate z as is done in the previous section. Once [XI has 
been calculated, Eqs. 4, 23, and 24 as well as the dissociation 
constants given in Table 1 can be used to solve for the con- 
centration of all species in solution. The solubility of A , X  is 

where 

and 

Equation 28 is a component mass balance on A and X .  

Classijkation of phase behavior 
We classify the phase behavior of quaternary conjugate salt 

systems by the location of the triple-saturation points. Figure 
4 shows part of the Janecke projection divided by the com- 
patible salt-pair diagonal. The vertices of the hypotenuse of 
the triangle thus formed represent compositions of one 
equivalent of one of the compatible salts, BWYlly, and 

A , X , .  The remaining vertex represents BID X ,  or 
AVuYlh, depending on whether the triangle represents the 
upper or the lower compositional triangle of the projection, 
respectively. The points a ,  p,  ,y represent the triple satura- 
tion points at three consecutive temperatures T,, q, and Tk. 
Type I is a phase diagram in which the composition ex- 
pressed in terms of A , X ,  decreases, but the composition 
expressed in terms of B,DYl/y increases as a result of moving 
from a to p, to ,y (Figure 4a). Type If describes phase be- 
havior in which the composition of both salts decreases as a 
result of moving from a toward ,y (Figure 4b). 

Separations from Systems of Simple Salts 
Separations from systems of simple salts are grouped into 

three classes based on the salts recovered and on the flow- 
sheet structures. Class I separates the compatible salts. Class 
I1 separates the incompatible salts or the two incompatible 
salts plus one compatible salt. Class I11 separates the two 
compatible salts plus one incompatible salt. Without loss of 
generality, the following discussion is in terms of monovalent 
salts. Since the effect of supersaturation is not considered, 
the designs are appropriate for both crystallization and pre- 
cipitation processes. Furthermore, the processes are equally 
applicable to either batch or continuous operation. 

Ti 1 
a / /  I 

Figure 4. Cl;sl:-,ification of phase behavior based on rel- 
at'. -; compostions of the triple-saturation 
pc,rts (Y, p,  and x. 
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Figure 5a. Class I separation on a square-pyramid 
phase diagram and Jlnecke projection. 
Process paths are drawn for a liquid feed. 

Description of Class I separations 
Class I describes any separation in which the two compati- 

ble salts are separated. It may be used only when the feed 
lies on the compatible-salt diagonal. The system may have 
either Type I or I1 phase behavior as long as the compatible- 
salt troughs at each crystallizer temperature do not intersect 
at the compatible-salt diagonal. 

There are two cases to consider when designing a Class I 
process. One case involves a separation whose process path 
moves along the stable salt-pair diagonal while it does not in 
the other case. Figure 5a shows such a process for the former 
case on a square-pyramid phase diagram and on a Janecke 
projection. Since process points (pp) 1 through 4 are collinear 
on the projection, the separation can also be drawn on a cross 
section of the phase diagram taken along the stable salt-pair 
diagonal (Figure 5b). Figure 5c is the flow sheet for the 

S 

A x  BY 
Figure 5b. Cross section of the square-pyramid phase 

diagram taken along the compatible-salt di- 
agonal. 
The process paths require a dilution tank between points 2 
and 4 to avoid coprecipitation. 

BY 

Figure 5c. Equipment configuration for Class I process 
paths drawn in Figure 5a. 

process. Numbered points on the phase diagram, projection, 
and cut correspond to the compositions of the streams in the 
flow sheet. 

The feed for the process can be prepared in different ways. 
One is by dissolving a mixture of the compatible salts. An- 
other is by dissolving a mixture of the compatible salts and 
incompatible salts. Yet another is by dissolving two incompat- 
ible salts. The last two possibilities rely on an equilibrium 
reaction to convert the incompatible salts to the compatible 
salts. Reacting two incompatible salts is the basis for many 
reactive crystallization processes. For example, silver chloride 
may be obtained by the following reaction in water at room 
temperature and ambient pressure: 

AgNO, + KCl = AgCl J, + KNO, . (29) 

Class I proceeds as follows. The feed, F, and the recycle, 
stream 4, are combined in a mixing tank not shown on the 
flow sheet to make stream 1. The tank operates at a tempera- 
ture that is chosen so that stream 1 remains unsaturated. The 
stream is fed to the first crystallizer, C1, which operates at an 
elevated temperature, T,. Solvent removal in C1 results in 
the selective precipitation of BY. The solid is filtered from 
the system. As a result of the isothermal evaporation in the 
crystallizer, the composition of the system moves from pp-1 
to pp-2. To provide a safety margin for avoiding coprecipita- 
tion, pp-2 is located within the BY saturation field away from 
the T,, compatible-salt trough. The crystallizer effluent is then 
diluted until the composition of the solution reaches pp-3. 
The temperature of the dilution tank, Td, lies between Th 
and the temperature of the second crystallizer, T,. As shown 
in Figure 5b, Td is chosen so that stream 3 remains unsatu- 
rated in order to provide a safety margin from precipitation 
due to temperature and composition fluctuations within the 
tank. Naturally, Td could be chosen to be T,,; however, this 
would consume more energy. The solution is then cooled to 
T, in the second crystallizer, C2, to precipitate AX. The 
composition of the solution moves from pp-3 to pp-4. The 
composition of pp-4 lies in the AX saturation field off the T, 
compatible-salt trough. The crystallizer effluent is combined 
with fresh feed to begin the cycle anew. 

Class I design equations 
The mass flow rates of solvent from C1 and C2, F(2) and 

F(4), respectively, can be calculated from the following mate- 
rial balances: 
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where MAX is the mass flow rate of AX recovered from the 
second filter, F2. Solution of Eqs. 30 and 31 gives 

(33) 

In all the separation schemes presented in this article, the 
operating temperatures of the crystallizers and of the tanks 
as well as the composition of the streams immediately after 
dilution tanks are design variables. To illustrate this fact re- 
call the process paths drawn on the cross-sectional cut of the 
phase diagram in Figure 5b. Clearly, by specifying the com- 
position of pp-3, the compositions at pp-2 and pp-4 are set. 

The composition of pp-3 strongly influences the effluent 
flow from C2. Figure 6 shows the results of fixing pp-4 while 
moving pp-3 along the line connecting AX and pp-4. The 
flow has been normalized with the value of F(4) calculated 
when pp-2 lies at the double-saturation point at Th. The con- 
centration of AX has been normalized by the solubility of 
AX at the same point. As pp-3 moves toward pp-4, pp-2 moves 
away from the compatible-salt trough along the BY satura- 
tion surface, causing the concentration of AX to decrease. 
The lowest flows are obtained when pp-2 lies on the compati- 
ble-salt trough. As pp-3 approaches pp-4, the flow monotoni- 
cally increases to infinity. 

Removal of BY at the second .tiller 
The salts may also be removed in reverse order. Figure 7 

shows the process paths as well as the equipment configura- 
tion to remove AX at the first crystallizer. There are two 
major differences between this separation and the one pre- 
sented earlier. First, the temperatures of C1 and C2 are T, 
and Th, respectively. This is the reverse of the order required 
to separate BY first. Second, the feed is diluted in a dilution 
tank (D,1) before it is combined with the recycle. 

Process economics of separation sequence 
The separation sequence can strongly influence process 

economics. We compare the total annual cost (TAC) for sep- 
arating AX first to the cost of separating BY first by calcu- 
lating the capital costs for the crystallizers and heat exchang- 
ers as well as the operating cost due to steam. The cost mod- 
els can be found in Peters and Timmerhaus (1980) and are 
not discussed in this article. A capital charge factor of one- 
third year is used to annualize capital costs. Filter, dryer, and 
preheater costs are not included because these costs are usu- 
ally minor (Rajagopal et al., 1988). The most economical se- 
quence is a strong function of salt solubilities, crystallizer 
temperatures, and feed composition. For the input parame- 
ters of the four cases given in Table 2, Figure 8 shows when it 
is more economical to separate AX first. When the solubility 
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Figure 6. Recycled solvent flow rate as a function of the 

concentration of AX. 
Both normalized by the respective values at the double- 
saturation point at Th. 

products are small (Case A), steam requirements dominate 
the cost. Increasing the values of the solubility products de- 
creases the evaporation load and thus the steam require- 
ments. For large solubility products (Case D), the annual 
capital costs dominate and the separation sequence does not 
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Figure 7. Process paths to remove BY at the second fil- 
ter. 
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Table 2. Input Parameters for Case Studies in Figure 8 

Case A B C D 
K A x  (59°C) 1 X lo-* 1 X l o - '  1 X 10' 1 X 10' 
K , ,  (77°C) 6X10-' 6X lO- I  6x10' 6x10 '  
K i y  (59°C) 2x10- *  2 x 1 0 - I  
K,, (77°C) 3 X lo-' 3 X l o - '  
Heat of vaporization of solvent 
Heat of crystallization of AX 
Heat of crystallization of BY 
Heat capacity of solvent 
Heat of vaporization of steam (100°C) 
Total feed flow rate of salts 
Temperature of cooling water 
AT cooling water 
Cost of steam 
Cost of water 
W 

2 x 100 2 x 10' 
3x10'  3x10 '  

2,402 kJ/kg 
242 H/kg 
256 H/kg 
4.22 H/kg.K 
2,256 H/kg 
3,884 kg/h 
32°C 
17°C 
$4.41/1,000 kg 
$O.O2/l,OOO kg 
1 .O kg/rnol 

affect process economics. Also notice that as the magnitude 
of the solubility products increases, the value of fb at which 
the crossover occurs decreases. 

Several heuristics have been proposed to guide selection of 
the separation sequence, such as separate the most plentiful 
first and separate the most soluble first. However, both crite- 
ria have potential pitfalls and may lead to conflicting recom- 
mendations (Ng, 1991). For this reason, it is better to directly 
compare the cost of the two separation sequences. 

Use of a circulating salt 
A circulating salt shifts the process paths off the compati- 

ble salt-pair diagonal. It is used to effect separations from 
systems with incongruent triple-saturation points. For exam- 
ple, Figure 9a shows the process paths to recover BY before 
AX, for which AY is a circulating salt. Notice that process 

0.0 0.2 0.4 0.6 0.8 1 .o 
fb= MBY 

MAX -t MBY 
Figure 8. Comparison of the total annual cost for re- 

moving AX at the first filter relative to the cost 
for removing BY at the first filter. 

BX 

0.8 

0.6 1 
/ I '  

/ 1 
I I I 

0.0 0.2 0.4 0.6 0.8 1 .o 
AX AY 

rY 

Figure 9a. Phase behavior that requires the addition of 
a circulating salt to recover BY and AX. 
The values of the solubility products are K,,(T,) = 1.13 x 

K p ( T , ) =  8 X  K,,(T$= 3 X  K A x ( T c ) ;  
3 X 10- , KBx(T,) = 7.51 X 10- , KBx(Tc) = 2 X 10- , 
KAY(Th) = 1.03 X lo-*, KAY(T,) = 3.18 X lo-'; the ratio of 
the mass flow rate of BY to AX is unity. 

points lie in the BY-AX-AY composition triangle. This indi- 
cates that there is an excess of A and Y ions in the system. 
One way to create this excess is to add AY to the system 
during plant startup in addition to the fresh feed; however, 
before AY accumulates to a concentration where the salt 
precipitates, addition of this salt was stopped. 

The amount of AY added during startup determines how 
far pp-3 is moved off the compatible salt-pair diagonal. The 
composition of pp-3 strongly affects the effluent flows from 
both C1 and C2. As in the separations just described, pp-2 
and pp-4 should be located near double-saturation troughs to 
reduce the effluent flows from the crystallizer. Figure 9b plots 
the relative effluent solvent flow rate from C2, F(4), as the 
composition of pp-3 moves from point b to point c on the 
projection along the dotted line that tracks the double- 
saturation trough but without touching it. The flow rate de- 
creases from infinity, passes through a minimum, and then 
approaches infinity. The solvent flow and concentration of 
AY are normalized to their respective values at r, = 0.2 and 
r y  = 0.6, which correspond to a minimum in F(4). Notice that 
the amount of circulating salt that minimizes the flow corre- 
sponds to the point where pp-3 lies near a triple-saturation 
point at Th. Clearly, addition of a circulating salt strongly af- 
fects process economics. It should be considered only for sys- 
tems with incongruently saturated triple-saturation points. 

Class II separations 
The incompatible salts are recovered by Class I1 separa- 

tions. Process point 1 must lie in the saturation field of the 
incompatible salt to be removed at F(1). When the system 
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Figure 9b. Recycled solvent flow rate as a function of 
the amount of circulating salt AY added to 
the system. 
Both are normalized by the respective values at the point 
with the lowest recycle flow rate. 

exhibits Type I phase behavior in the lower compositional 
triangle, three isotherms are required to effect the separa- 
tion. Figure 10 shows the process paths and equipment con- 
figuration for such a case (Class IIA), which recovers BX at 
F1 and AY at F4. The feed must lie on the incompatible 
salt-pair diagonal. Notice that the solid recycle streams 15 
and 16 are combined to make stream 9. Streams 9, 18, and 
the feed are combined in a dissolution tank held at T, so that 
stream 1 is saturated with BX. The process points that are 
design variables are pp-1, pp-4, and pp-7. 

The flow rates may be calculated from the following design 
equations: 

The mass balances are written so that only solid flows MAY 
and M,, appear in the equations. The solution to these 
equations is straightforward and is not presented here. Since 
all solids other than AY and BX are recycled, the value of 
MAY equals the flow of A and Y in the feed. Likewise, MB, 

equals the amount of B and X in the feed. 
The choice of the composition of the process-point design 
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Figure 10. Process paths and equipment configuration 
for Class HA. 

variables is very important. Process point 1 is determined by 
a trade-off between dissolver size and evaporation load at 
C1. Process point 2 should be as close to a double-saturation 
trough as safety margin permits. The composition at pp-4 sets 
the bounds for the possible values for pp-7, which is also a 
design variable. It is advisable to choose pp-4 so that pp-7 
lies well within the AY saturation field at T, in order to ma- 
imize the recovery of AY. 

When the feed does not lie on the incompatible salt-pair 
diagonal, the incompatible salts plus one compatible salt are 
obtained. For example, Class IIA can be used to obtain the 
incompatible pair along with BY when the feed lies in the 
BX-BY-AY compositional triangle. The only flow sheet modi- 
fication is that stream 15 is not recycled (Figure 10). 

Figure 11 shows the process paths and equipment configu- 
ration for separating the incompatible salts when the system 
exhibits Type I1 phase behavior in the lower compositional 
triangle. Class IIB requires only two isotherms, and process 
points 3 and 5 are design variables. Process point 1 is fixed by 
assuming that stream 1 is saturated with BX. Even though 
the curvature of the T,, compatible-salt trough is exaggerated 
for clarity, the separation does not rely on this feature. 

Chss 111 separations 
Class I11 separations are used to obtain the two compatible 

salts plus one incompatible salt. The feed must not lie on 
either the compatible or the incompatible salt-pair diagonal. 
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Figure 11. Process paths and equipment configuration 
for Class 116. 

The product salts belong to the same compositional triangle 
as the feed. There are three types of process paths that ob- 
tain the desired products. The three schemes are classified by 
the phase behavior in the compositional triangle in which the 
process paths are drawn. 

Class IIIA utilizes differences in solubility of the three salts 
at three different temperatures, T,, Ti, Th. The phase behav- 
ior must be Type I in the upper compositional triangle. The 
triple-saturation points may be either congruently or incon- 
gruently saturated in the compositional triangle of the prod- 
uct salts. It is desirable for the triple saturation points in the 
other compositional triangle to be congruently saturated. Fig- 
ure 12 shows the process paths for separating BY, AX,  and 
BX sequentially. BY can be removed at T,, AX can be re- 
moved at Th, and BX can be removed at T,. Process points 2 
and 5 are design variables. 

Figure 13 shows the use of Class IIIB to separate BY, BX, 
and AX sequentially. Like Class IIIA, Class IIIB uses three 
temperatures; however, the process requires Type I1 phase 
behavior in the upper compositional triangle. As in Class IIIA, 
there are no restrictions on the triple-saturation points. Class 
IIIB removes BY at T,, BX at T,, and A X  at T,,. The 

AX AY 

s 
17 

I I  I AX BY S 

I BX 

Figure 12. Process paths and equipment configuration 
for Class IIIA. 

patible salt. Figure 14 gives the process paths to separate BX, 
BY, and then AX. Process points 3 and 5 are design vari- 
ables. 

Design equations for Class 111 

oped as before. For example, we have for Class IIIA 
Design equations for Class I11 separations can be devel- 

Process point 2 is the most important process-point design 
variable in this scheme because it determines the bounds for 
the composition of pp-5. Therefore, pp-2 should be chosen so 
that pp-5 can be placed well within the BX saturation field. 

process-point design variables are pp-3 and pp-5. 
Class IIIC requires only two temperatures and removes the 

incompatible salt first, and then the two compatible salts. It 
Separations from Systems with and 
Hydrates 

may operate with either Type I or I1 phase'behavior. Fur- 
thermore, pp-1 must lie in the saturation field of the incom- 

In many systems the presence of hydrates and compounds 
complicates the separation of the pure salts. It is no longer 
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Figure 13. Process paths and equipment configuration 
for Class 1118. 

possible to calculate the phase diagram as previously de- 
scribed; however, an iterative method using solubility prod- 
ucts is available (Kusik et al., 1979). Due to the complex phase 
behavior of these systems, each separation must be consid- 
ered on a case by case basis. Furthermore, the composition 
of the feed also dictates the feasibility of a separation via 
fractional crystallization. Like Classes I through 111, the suc- 
cess of a separation with hydrates and compounds relies on 
utilizing overlapping saturation fields at different tempera- 
tures as well as on combining streams to move around the 
phase diagram. To illustrate how to synthesize such a separa- 
tion, consider the process paths and the equipment configu- 
ration for a system from which AX, BY, AY, BX, AY.3BY, 
AY.H,O, and AY.AX.H,O may precipitate. The desired 
products are assumed to be AX and BY. The projection at 
T, is a sketch of a system consisting of KNO,, K2S0, ,  
Na,SO,, NaNO,, and water at 30°C (Purdon and Slater, 
1946). The Th isotherm is a sketch of the same system with 
the troughs shifted. 

In Figure 15 the feed at Th lies in the BY saturation field. 
Dropping the temperature to T, and removing solvent causes 
BY to precipitate until the system reaches a composition given 
by pp-1. Process point 2 is formed by combining the crystal- 
lizer effluent, stream 1, with the recycle stream given by pp-7. 
The dilution tank temperature, Td, is between T, and Th. Af- 
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Figure 14. Process paths and equipment configuration 
for Class IIIC. 
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Figure 15a. Process paths for obtaining AX and BY 
from a system that can form compounds 
and hydrates. 
The feed lies over the BY saturation field. 
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Figure 15b. Equipment configuration for process paths 
given in Figure 15a. 

ter adjusting solvent, AY.3BY precipitates upon cooling. The 
crystallizer mother liquor is sent to C3, where a mixture of 
AY-AX.H,O and BX precipitates. The solids recovered by 
F3, stream 15, are combined with those recovered by F2,  
stream 14, to make stream 17. The composition of the mother 
liquor from C3 is given by pp-5. Even though C2 and C3 
operate at T,, it is not possible to move directly from pp-3 to 
pp-5 in one crystallization step. This is because pp-4 must lie 
in the BX/AY-AX.H,O/AX compositional triangle. Solvent 
is removed from stream 5 in c 4 ,  which operates at Th. AX is 
filtered from the process. The crystallizer effluent, stream 6, 
is combined with fresh solvent and stream 17 in a dissolver. 
Stream 7 is unsaturated. 

Conclusions 
A method for the conceptual design of fractional crystal- 

lization separation processes is presented. It is applicable to 
separate minerals and optical isomers from conjugate salt so- 
lutions. Furthermore, the method can be used to predict the 
products of reactive crystallization processes. The method in- 
cludes a procedure to calculate the phase diagram and 
Janecke projection. Equations required to calculate the con- 
centrations of all the species in solution are also derived. 
Three general classes of separations are proposed to sepa- 
rate simple salts from solution. The classes are based on phase 
behavior and the composition of the feed. The operating 
temperatures of the crystallizers and of the tanks as well as 
the composition of process streams immediately after dilu- 
tion tanks are design variables. It is also shown that the basic 
operations used in fractional crystallization can be used to 
recover simple salts from systems from which compounds and 
hydrates may precipitate. 

The choice of solvent should be based on three criteria. 
The solubility product should determine the salt solubility. 
The salts should have a high solubility in the solvent. This 
results in reduced heating, cooling, solvent evaporation, and 
solvent addition. The solvent should be chosen so that the 
composition of the double-saturation troughs at different op- 
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erating temperatures are apart from one another on the phase 
diagram. For example, the farther apart the BY/AX double- 
saturation troughs at Th and T,, the lower the flows (Figure 
5a). 

The current design method can be improved in three ar- 
eas. First, many industrial crystallization processes do not at- 
tain equilibrium; therefore, dynamic phase diagrams should 
be used in place of equilibrium diagrams (Hadzeriga, 1967). 
Calculation of concentrations of the species in solution from 
dynamic phase diagrams is not possible by the method pre- 
sented in this article, however. Second, because the method 
relies on drawing process paths directly on a Janecke projec- 
tion, the extension of the method to higher dimensional sys- 
tems is unclear. Third, more heuristics need to be developed 
to expedite the determination of the most economical separa- 
tion sequence. 
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Notation 
C,, =concentration of salt N (kg salt/kg solvent) 
Ds =dissolution tank 
fb =mass fraction of BY in a mixture of BY and AX 

F ( k )  =mass flow rate of solvent in stream k (kg/h) 
[ I J ]  =concentration of salt IJ (molality) 

K =dissociation constant 
S =makeup solvent 

S,, =solubility of salt IJ (kg salt/kg solvent) 
W ,  =molecular weight of salt IJ 

Greek letter 
y =activity coefficient 

Subscripts 
s = dissolver 
t =total 
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