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The synthesis method of fractional crystallization processes for the separation of salts
belonging to reciprocal salt pairs is presented based on a flow network model con-
structed between thermodynamic states. The state nodes represented in the model in-
clude feeds, products, intermediate products, and solid —liguid equilibrium states. Flows
between the states are represented by arcs within the flow model. A Systernatic procedure
is given for identification of the solid—liquid equilibrium states that could potentially
serve as operating points. This identification is essential to the construction of the flow
network and reduces the problem to a simple mathematical form. The advantages of
the method lie in its capability to consider general process flow pattern, handle systems
forming double salt, deal with several temperatures as potential operation conditions,
and handle several feeds and products. Examples are given to illustrate the procedure.

Introduction

Crystallization or precipitation of salts from aqueous solu-
tions is a widely used method in industrial processing. This
method is used o prepare various salts, such as sodium sul-
fate and potassium nitrate. Numerous articles have been pub-
lished over the past ten years concerning the synthesis of sep-
aration processes to obtain salts from brines and mixtures of
salts. These studies can be classified into two categories: those
that use a phase diagram to identify the types of processes
that may be applied to specific types of liquid-solid equilib-
rium behavior (Ng, 1991; Cisternas and Rudd, 1993; Dye and
Ng, 1995; Berry and Ng, 1996), and those that use a network
flow model between a priori determined thermodynamic
states that allow selection of an optimal structure (Cisternas
and Swaney, 1998; Cisternas, 1999; Cisternas et al,, 2001).
The majority of these studies, however, do not address Sys-
tems contzining metathetical salts, When two salts have no
ions in common, a double decomposition can occur in which
a pair of salts is reconstituted into another pair. This phe-
nomenon is known as reciprocal salt pairing, or a metatheti-
cal salt system. This type of system is of interest for the pro-
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duction of various chemical compounds, for example, the
production of potassium nitrate beginning with sodium ni-
trate and potassium chloride. Purden and Slater’s (1946) book

describes precisely how to present such phase equilibrium :

-data in a diagram. These authors also explained how to pre-

sent evaporation paths by means of phase diagrams. Fitch
(1970) discussed how the phase diagram could be used to
Tepresent processes for fractional crystallization, including the
treatment of reciprocal salt pairs. However, he did not ad-
dress the problem of synthesizing the process flowsheet. Berry
and Ng (1996) gave a method for the separation of salts in
the pure, solid state for reciprocal salt—pair systems. They
identified three classes of separations that could be used to
separate simple salts from a solution. These separation classes
could be used as guidelines for the conceptual design of sep-
aration processes for these systems, However, this procedure
is limited, as it is commonly found that metathetical salt sys-
tems can have complex behaviors that do not compare with
the examples studied by Berry and Ng (1996), or specific
problem conditions may apply, such as the existence of more
than one feed. Also, certain flow-pattern alternatives, such as
stream splitting or mixing, may be difficult to envision within
the phase diagram. In another study, Thomsen et al. (1998)
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simulated and optimized fractional crystallization processes,
including reciprocal salt pairs. The analysis of alternatives that
can be obtained by simuiation is limited, however, because a
very large number of processing possibilities exist,

The present study presents a method for the design of sep-
aration schemes based on fractional crystallization for sys-
tems formed of reciprocal salt pairs. The method is based on
a network model with flows between thermodynamic states.
Using the phase diagram, a method is developed for identifi-
cation of a set of solid-liquid equilibrium points that are be-
lieved to include the best prospects for operating points.
Then, based on these points, cnly the feasible~physical inter-
connections are identified, in order to reduce the number of
arcs in the flow network. A mathematical model is developed
based on the network flow model to find the optimal flow
pattern for the separation of the reciprocal salt pairs.

Devélcapment of Methodology

An example consisting of the production of potassium ni-
trate and sodium chloride from potassium chloride and
sodium nitrate will be used to explain the methodology. Equi-
librium data from this system, used praphically here, are
available in Linke and Seidel (1965).

Description of the problem

A reciprocal salt pair is formed by dissolving two salts that
do not have common ions in a solvent, which for most practi-
cal purposes is water. Through a metathesis reaction, a total
of four simple salts may precipitate from this solution. For
example, in the reaction between NaNO; and KCl, KNO,
and NaCl (the conjugated pair of the other two salts} can be
produced by the following reaction :

NaNO, +KC! «» KNO, +NaCl

Furthermore, the ions can interact between themseives and
the solvent to produce double salts and hydrates. The behav-
iora] characteristics of the system equilibrium are generally
represented by a phase diagram.

Figure 1 is a phase diagram representing an aqueous sys-
tem formed by monovalent salts formed by the Na*, K*, Cl-,
NOj, and H,O system at 298 K. The coosdinates of one point
in the diagram are given by the ratio of the concentration of
K™ to the total cation concentration, the ratio of the concen-
tration of NOj to the total concentration of anions, and by
the moles of solvent per equivalent of salts. The points A, C,
E, and G are the saturated solutions of pure salts dissolved in
the solvent. The deuble saturation points (B, H, F, D) repre-
sent ternary solutions saturated with two salts. Points I and J
represent triple saturation points of the quaternary system.
Regions formed by the A-H-1-3-B, C-B-J-D, E-D-J-I-F, and
G-H-I-F borders represent saturation surfaces of the KNQ,,
KCl, NaCl, and NaNO, salts, respectively. The F-1, H-1, D-J,
B-J, and J-I borders represent conditions under which the
solution is saturated by two salts. Nat all the combinations
are possible, and thus no conditions exist in the phase dia-
gram of Figure 1 under which KCl and NaNQ, can be cocrys-
tallized.

These two salts are termed incompatible salts, while the
NaCl-KNOQO; pair, which cocrystallize at border I-I, are
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Flgure 1. Phase diagram for the Na—K-NO;-Cl-H,0
system at 298 K,

termed compatible salts, The phase diagram as presented in
Figure 1 is not the most amenable for representing separa-
tion processes. This is not oniy because the graphical repre-
sentation is coroplicated, but also because more than one
isotherm must be shown in order to design processes for sep-
aration by fractional crystallization. For this reason, it is more
commaon to present this type of system using the Finecke pro-
jection. Figure 2 is a Janecke projection of the system given
in Figure 1, The saturation points have been indicated by the
sarme letters as used in Figure 1. In addition to the 298 K,
case of Figure 1, the phase diagram at 373 K is also included.

It is possible to design various processing alternatives be-
tween these two temperatures. For example, assume that the
production of KNO, (and thus NaCl) is desired beginning
with KCl and NaNO,. One possible process is indicated in
Figure 2 by points O, R, P, and Q. An equimolar mixture of
KCl and NaNQ; is mixed at point O, representing the pro-
cess feed. This feed is mixed with saturated solution P, pro-
ducing mixture Q at 373 K. The solvent quantity is adjusted
in order to precipitate NaCl and generate solution R. This
last solution is cooled and the solvent adjusted in order to
crystallize KNQ, and produce solution P, which is recycled to
the process. An alternate process using the same point R is
shown with points O, §, R, and T, where the feed is mixed
with the solution at point R to produce point S, which, after
adjustment of the solvent at 298 K, allows crystallization of
KNQ, to obtain solution T. Solution T is heated to 373 K,
and its solvent is adjusted in order to obtain point R and
NaClL It is clear that more alternatives exist, such as splitting
the feed flow O, mixing it with solutions P and R (Figure 3a),
or using a mixture rich in KCl as feed {point O in Figure 3b),
and, after reaching point R, adding the remaining quantity of
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NaNO,, as shown in Figure 3b. This diversity of alternatives
justifies the development of a procedure that will identify a
desirable process structure from within a superstucture con-
taining a wide set of alternatives.

The problem to be resolved can be defined in the following
way: Given one or more feeds, the conditions of selid-liquid
equilibrium at two or more temperatures, and the desired

products, find the pathway of least cost that permits produc-
tion of the salts by medifying the operational temperature,

managing the gquantity of solvent, and the quantities of salis
in the system.
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Strategy for Problem Soiution

The Janecke phase diagram can be useful in the identifica-
tion of possible separation pathways, but it has several limita-
tions. First, the diagram does not show the quantity of sol-
vent in the process, which is a key consideration, because
part of the operating costs may be due to the evaporation or
recycling costs of the solvent. Second, some processes are dif-
ficult to show in a diagram. For example, the simple division
of flows remains represented by a single point within the dia-
gram, making material balances obscure. Finally, in more
complex flow diagrams there may exist an important number
of alternatives, one or more of which could be overlooked
during the designer’s analysis.

The strategy of solution for the problem presented in-
cludes four steps. First, operating conditions must be identi-
fied that fit a set of nodes within a flow network. Second, the
network is censtructed. The network is constructed by identi-
fying the physically feasible interconnections among the nodes
of the flow network (these interconnections become the arcs
within the network} and identifying the solid phases that are
possible. Third, the mathematical model is formed that rep-
resents the flow within the network. Fourth, using a mathe-
matical algorithm, an optimal solution is determined within
the network.

Identification of operational conditions

Although it is possible to consider any saturation point as a
possible operational point, it is inconvenient from the mathe-
matical standpoint to have compositions as variabies within
the model, since this would give rise to a series of bilinear
terms (products of flow times composition). For this reason,
it is desirable to identify points within the diagram that have
a higher probability of serving as operating points.

Consider again the process alternatives in Figure 2. For
the first alternative, it is possible to vary the placement of
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Figure 3. Alternatives for the production of KNQ;: (a) division of the flow; (b) division of the feed flow and salting-out

with NaNQ,.
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point R across the NM and LM borders. Figure 4 shows how
the recirculation flow varies as the composition, of solution R
changes. A minimum in the flow is cbserved when the com-
position corresponds to the triple saturation point M. This

KCl KNO,

{a) .

Nt . NaNoO,

KC) KNGO,

NaQl NaNO,

behavior has been observed in other studies (Berry and Ng,
1996; Dudczek, 2001), and is related to the fact that maxi-
mum precipitation is achieved at these points. Thus, the ini-
tial selection of operating points should include the triple sat-
uration points. :

The system just discussed above is shown again in Figure §,
where the triple saturation points have been identified by the
letters C, and C, for the system at 298 K, and H, and H, for
the system at 373 K. Only these two temperatures have been
considered, although it would be possible to include more
temperatures in the analysis, Now consider Figure 5a, where
H, is in equilibrium with KCl, NaCl, and KNQj,, and there-
fore in principle conld be used to produce any one'of these
salts, However, this requires operation points in the phase
diagram that must be in the tie line that include the triple
saturation point. Such lines, which are shown in Figure 5,
connect together the compositions of two phases in equilib-
rium with each other. Because maximum precipitation is de-
sired, such points must be double saturation points at the
same time. Thus, C; could be used to produce KCl by means
of the C;H, trajectory, and C, could be used to produce
NaCl by means of the C,H, trajectory. However, no double
saturation point exsts between H, and KNO,, and so it is
impossible to produce KNO, at point H,. Thus, by tracing
lines between the point that represents the triple saturation

KQ KNO,

(b

Nl o NaNO,

K1 KNO,

(d)

Nl NaNO,

Figure 5. Identification of double saturation polints that could be operating points.
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Figure 6. Verification of operational feasibility for palnts C, and C,.

solution (H ) and the salts in equilibrium with the solution, it
is possible to identify new potential operating points (C; and
C4). Also, it is possible to identify which salts can be precipi-
tated at this point (KCl and NaCl} and those which cannot
(KNO,). Figures 5b, 5c, and 5d show the identification of
other potential operating points (C,, C;, Cg, H;, Hy, Hy,
Hg, H;) based on the triple saturation points C,, H,, and
C,.

Once the potential operating points are identified (Cs, C,,
Cs Cgi Hj, Hy, Hy, Hg, H,), it is necessary to determine if
it is possible to reach these points by operating a crystallizer

fed from other feeds and operating points. Figure 6a shows’

that C, is in equilibrium with NaCl and KNO,, and therefore
could in principle produce either of these salts. However, C,
cannot be used to produce NaCl, since there is no point or
combination of points available to construct an intersection
with the NaCl-C, line. Conversely, C, could be used to pro-
duce KNO, because there are several combinations of points
that could form an intersection with the C,~KNO; line. At
least one such feed mixing line must intersect the crystallizer
mass-balance line in order to produce the stipulated pair of
saturated solution-salt.

Figure 6a shows the feed combination {(F)-H, as an exam-
ple {feed combination F with H, can give point Y, if they are

mixed in adequate proportions). Figure 6b shows that point
C; cannot produce any of the salts because there is no com-
bination among the selected operating points and the KCI-C 3
or C,~KNOy lines. This not only eliminates C; as a possible
operational point, but also eliminates the possibility of pro-
ducing KCl using point H,. Other potential operating points
could be double saturation points that are found on the diag-
onal of compatible salts. This is not considered in the present
example, but will be analyzed below later.

The selection of operating points can be summarized as
follows: :

(1) Select all the triple saturation points as potential oper-
ating points (such as C,, C,, H,, H,).

(2) Ioin each one of these points with its salts in equilib-
rium (tie lines). All double saturation points crossed by these
lines are considered new potential operating points. Also in-
clude double saturation points that cccur on the diagonal for
compatible salts (such as C,, Cs, Cq, Ha, H,, Hs, Hg, Hp).
For a mathematical procedure to identify new potential oper-
ation points, see Appendix A.

(3) For each potential operating point, analyze its potential
existence by verifying if it is possible to cut the line connect-
ing it with its sait in equilibrium by means of a linear combi-
nation of the other selected points. (Here it is necessary to

Table 1. Identification of Nodes and Arcs

Starting from

Point Selid Phase xa NaNQ, C, C, C, C; H, H, H, Hg
C, KNO; X X X X X x x x X
C,; NaCl X x X X x

KNO, X X X X X X X X X
c, NacCl X X X
KNO, x X X x X X X X X
Cs Na(l X X x x
KNQ, X b X X X X X X X
H, NaCl x X X X X X x X X
H, NaCl X X X x x x X X X
H, NaCl X X X X b4 x x X b
H, NaCl b X x x x X x x x
AIChE Journal July 2003  Vol. 49, Neo. 7 1735




include other known points, such as feeds and double salts,
such as C,, C,, C;, C, Hy, H,, Hy, Hy). For a mathematical
procedure to verified feasibility, see Appendix B.

(4) Repeat step three until the potential operating points
remain constant (such as C,, C,, C,, C;, H,, H,, H,, Hy).

This a priori specification of the permissible operation
points can be the main limitation of this technique. However,
a mere cemplex representation, as with a thermodynamic
model, cannot be a good decision, because impurities can af-
fect the operation condition. Alse, it is important to under-
stand that the true operating points will actually fall near, but
not at, points selected as earlier, in order to avoid coprecipi-
tation of salts and to have a level of supersaturation to allow
crystallization. It is deemed unlikely that these small compo-
sition differences will affect the selection of the most viable
alternative.

Construction of the flow network

Once the potential operating points have been selected, it
is necessary to identify the interconnections that are feasible.
This is done in a way similar to the identification of the oper-
ating points, that is, by joining each point to its solid phases.
However, now attention is centered on identifying which solid
phase can be produced, and from which other operating
points.

Table 1 shows the identification of the solid phases that
each point is able to produce in the preceding example, and
the peints of origin. As can be observed for some points such
as C,, more than one salt can be produced. The fiow net-
work can be generated using this table, reading by columns.
Thus, C, can produce KNQO; starting from the combinations
of feeds and points C,, C,, Cy, H,, H,, H,, and H,. Figure
7 shows the flow network for the present exampie. This net-
work is constructed as follows: first, nodes are included for
each feed, including solvent for dissolution (nodes 1, 2, and
3). Then a node is included for each potential operating point
(nedes 4 to 14), If a potential operating point could be used
to produce more than one salt, a2 node must be included for
each salt. Also, nodes must be included for intermediate
products such as double salts, Finally, nodes must be in-
cluded for each final product desired (nodes 15 to 17). Again,
a node must be included for the solvent in order to account

L/
:

Qf o A
m/
S|y, A
S g,
m/

Figure 7. Flow netwark for KNQ, production example.

3]

1

for evaporaticn steps. The nodes have been numbered to
clarify the following explanations.

The interconnections among the nodes (arcs) could be
drawn in the diagram. Figure 7 includes only the arcs that
represent salt production, with al! the other interconnections
implied in the diagram by the thicker arrows. A simpler way
to identify all the arcs is to use an origin—destination matrix.
Table 2 shows the interconnection matrix for the present ex-
ample. All the nodes that can receive some type of flow are
listed as the columns {destination nodes), while all the nodes
that generate some type of flow (nodes of origin) are listed as

Table 2. Origin-Destination Matrix of the Arcs in the Flow Network

Destination Nodes

Nodes
of 4 5 6 7 ] 9 10 11 12 13 14 15 16 17

Oiga ¢, € C C ¢ C C H H, H, H, KNO, NaCl H,0
1 K{Cl 1 2 3 4 5 ] 7 8 Q 10 11 )
2 NaNO, 12 13 14 15 16 17 18 19 20 21 22
3 H,0 23 24 25 26 27 28 29 30 31 32 13
4 C, 34 a5 36 37 38 39 40 41 42 43 44 132
5 C, 45 45 47 48 49 50 51 52 133
) C, 53 54 55 56 57 58 59 60 134
7 C, 61 62 63 64 65 66 &7 68 69 70 135
8 C, 71 72 73 74 75 76 77 78 79 80 136
9 C, 81 82 a3 84 85 86 87 88 89 137
10 Cs €GO 9 92 93 94 95 96 97 98 138
11 H, a9 100 101 102 103 104 105 106 107 139
12 H, 108 109 1i0 111 112 113 144 115 140
13 H, 116 117 118 119 120 121 122 123 141
14 H; 124 125 126 127 128 129 130 13 142
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rows. Obviously, some nodes function simultanecusly as both
origins and destinations, The arcs within the matrix are num-
bered. Tables 1 and 2 delineate the possible connections be-
tween the nodes for consideration by the LP solver.

Mathematical formulation

The mathematical formulation is similar to that of Cister-
nas (1999). It is first necessary to define a set that includes all
the nodes of the system

§ = {s,all nodes in the system}

This includes feeds, products, multiple saturation points
{double and triple}, and solid intermediate products such as
double salts. All the components including ions and solvent
will be denoted by the set I ={i}. The arcs, which denote
flows between the nodes, will be represented by the set L =

{1).

To establish the mathematical model, it is necessary also to
define the following subsets:
Sy={sls € §, muitiple saturation point and intermediate prod-
ucts nodes}
Sp=Isls € 8, feed nodes with flow rates of species { & 7 speci-
fied}
sp={sls € §, product nodes with flow rates of species i & [
) specified}
S™s)={|le L, is an inlet to node 5,5 € 5}
S*(s)={ll{ = L, is an outlet from node 3,5 & 5,,)
F(s}={llle L, is an outlet from node s,5 € Sr)
P(s)={llie L, is an inlet to node 5,5 € 55}
Dp{s)={ili € I, is 2 component specified in node ¢, 5 € 5,
{p(s)={ili& I, is a component specified in node s, s € S;}.

Each flow ! has an associated variable that represents the
molar flow w,, and an associated parameter x,;, which repre-
sents the molar composition of comnpenent § in the flow /.

The constraints applicable to the separation problem are
defined by the material balances and the feeds and product
specifications. The equilibrium conditions are implicit in the
material balances, given that the compositions of the flows
have been specified. The constraints are as follows.
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Figure 8. Solution for KNO, production example:
(a) phase diagram; (b) flow structure; {¢)
conceptual design.
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+ Mass balance over operating point nodes for each com-
ponent

>z WprZy i — b

tesn(s) le 5" (s5)

W;‘xhi=0 SES‘“, ief
(1

« Specification of feeds flow rates

F
2z wex=Ci; sE€s5p,
e Fis)

iel:(s) (2)

where CF; is the desired flow rate of component i in feed s.
¢ Specification of product flow rates

= F :
Z w:’ ‘ If.f - Cs,f sSe SP)
fe P(s)

PelL(s)  (3)

where CZ, is the desired quantity of component i in the final
product s.

The objective function consists of minimizing total annual-
ized costs. However, in the present study minimization of the
sum total of all mass flows will be considered as the approxi-
mate objective function, that is

min )} MW,w, (4)
fel

where MW, are the molecular weights of each flow, In order
for the objective function to adequately represent the total
cost, the energy inputs and equipment specifications must be
included. It is not possible to assign a cost directly to each
node or flow, given that the same equilibrium operating point
might include a crystallization by evaporation, a crystalliza-
tion by cooling, a chemical decompoesition, or a leaching. In
order to maintain the simplicity of the model, energy inputs
and equipment selection have not been included. In our ex-
perience in the development of these models, in many appli-
cations the inclusion of these two factors does not signifi-
cantly affect the solution obtained by the model. If desired,
these factors can be included by adding superstructures for
energy integration and equipment selection as described by
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Figure 9. Selution for KNO, prdduct!on example
using sylvinite as feed: (a} phase dia-

gram; (b) flow structure; (c) conceptual
design.
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Cisternas et al. (2001), which are completely compatible with
the solution method of the present study,

Equations 1 to 4 represent a linear programming problem,
which can be solved using standard algorithms.

Solution

The solution obtained for the preceding example is wy = 25,
Wy =75, wi=1000, wy =963, wos=373.1, wy =100.0,
Wig = 351.8, wyg; = 100.0, w49 = 96.3, and is depicted in Fig-
ure 8. A mixture rich in NaNQ, (point A) is mixed with solu-
tion C,, which is then heated to 373 K, and’evaporating part
of the solvent permits separation of the NaCl. The remaining
solution H, is mixed with the remaining KCl and is then
cooled, with its solvent adjusted in order to obtain crystalliza-
tion of KNO;. Once the crystals are separated, the solution is
recycled to the mixer. Figure 8a is the process represented on

the phase diagram, Figure 8b is the flow structure, and Fig-
ure 8¢ shows the conceptual design, The industrial process
generally operates at points C; and H,, and in comparison
handles a mass flow that is about 2.6% greater than this solu-
tion.

Exampies

Production of potassium nitrate from sylvinite and
potassium and sodium nitrate

Two new situations are studied in this example. The first
includes the possibility of using sylvinite (a mixture of KCl
and NaCl) with sodium nitrate as feeds. The sylvinite consid-
ered in this example has a molar composition of 20% X*,
30% Na®, and 50% Cl~. This example may be of interest
because in some potassium nitrate plants the potassivm chlo-
ride used has been obtained from sylvinite by flotation pro-

KLl KNG,
1.0 C
8
g
B
25
gx
[=1
$
o
&
ol /
]
i f
8 rr——r—r——s—
0F 01 02 03 04 05 06 07 08 09 1p
NaCl Anion mole fraction NaNO,
[NO,]
(a)
(1] [x] L1,
KCl C. KNO,
Sodii.un&Ll*‘ Lie]
Potassium NaCl
Nitrate
13 IL m
H:O HI HRO
(b

Sodium &
Potassium
NT“ HJ'ZO KCl _ HZI‘O
Crystallization Crystallization
by coeling by evaporation
at298 K at373K

| |

Solid - Liquid

Solid - Liquid

Separation Separation
KNO, NaCl

(c)

Figure 10. Solution for KNO, production example
using peotassium and sodium nitrates as
feed: (a} phase diagram; (b} flow struc-
ture; (c) conceptual dasign,
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cesses. Therefore, the possibility for the direct use of sylvinite
will be analyzed,

Figure 9 shows the solution obtained for this problem. The
sylvinite is mixed with NaNO, (point A in Figure 9a) and the
Cs solution to give the mixture at point B. This latter mixture
is evaporated at 373 K to crystallize the NaCl The remaining
solution, Hy, is recycled to the process. Figures Sb and 9¢
give the flow structure and conceptual design of the process,

A second example considers using potassium and sodium
nitrates as feed instead of pure sodium nitrate, The nitrate
mixture has a melar composition of 20% Na *, 30% K, and
50% NO;”. To solve this problem, a procedure similar to
that of the preceding problem is applied, and Figure 10 pre-
sents the sotution obtained. The process uses the same points
as the initial problem, but now KNO, is crystallized first in-
stead of NaCl. The potassium and sodium nitrates are rmixed
with KCI {point A, Figure 10a) and a solution equivalent to
that at point H; in order to produce the mixture at point B.
The latter, once cooled, permits crystailization of KNQ,. The
resultant solution C, is submitted to evaporation and heating
to 373 K in order to permit crystallization of NaCl and pro-
duction of solution H,. Figures 10b and 10c show the flow
structure and conceptual design, respectively.

Production of KCIO, from KNO, and NaClO,

This example considers the production of KCIQ, starting
with KNQ; and NaClO,. Figure 11 shows the Jinecke phase
diagram for the system. The data were obtained from Linke
and Seidell (1965). The triple saturation points are at H,,
H;, C;, and C,. It can be seen that the crystallization field
for KCIO, is broad at 373 K and 298 K. It is also seen that
the KCIO, and NaNO, salts are compatible.

The operating point selection procedure allows us to iden-
tify points H, to Hy and C, to C,. Points Hy and C; were
included because they were on the diagonal of the compati-
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N 1
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Cation mole fraction
[K']

2. B B
0 E=R g - o - =
6 G

80 01 02 03 04 05 06 07 08 6% 1D
NaClO, Anica mole fraction NaNQ,

NOy)
Figure 11. Phase diagram for the K-Na-NO;-CI1Q, -
H,0 system at 298 K and 373 K,
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ble salts. As discussed by Berry and Ng (1996}, it is possible
to separate those salts using these points. An equimolar mix-
ture of the raw materials can be mixed with a solution repre-
sented by point H;. By subsequent cooling and adjustment of
the solvent, KClQ, and a solution equivalent to C; can be
produced. By heating solution Cs and adjusting the solvent,
NaNQ; can be precipitated, obtaining solution Hy, which is
recycled, The advantage of operating on the diagonal is that
it daes not require recycling NaClO, or KNQ; in the solu-
tions. The flow superstructure is shown in Figure 12. There
are 21 nodes, 15 of which represent double or triple satura-
tion points. There are a total of 263 arcs (flows) between the
nodes.

The solution for the problem is shown in Figures 13a, 13b,
and 13c. The NaClO, is mixed with the 85.3% of the total
flow of KNO; (point A} and solution H, to give point B.
Once the solution is diluted and cooled, crystallized KCIOQ,
and solution C, are obtained. The latter solution is mixed
with the remaining KNO; and heated to obtain crystallized
NaNOj; by evaporation. The summmation of all the mass flows
for this process is 38,861 for the production of 100 mol of
KCIO;. This salution to the problem compares with a sum of
all mass flows of 72,829 for the process aperating on the diag-
onal. This is explained by the fact that operation on the diag-
onal {points Hs and C;) requires recycling of larger amounts
of solvent, a condition that cannot be observed in the Jinecke
projection,

Conclusions

A procedure has been presented for the synthesis of pro-
cesses for the separation of salts by fractional crystallization
in systems formed by a pair of reciprocal salts. The method is
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Figure 12. Flow network for KCIO, production example.
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Figure 13. Solution of KCIO, production example:
(a}) phase diagram; {(b) flow structure;
(c) conceptual design.

based on a description in terms of a network flow model,
. where the nodes represent thermodynamic states and the arcs
represent flows between these states. The advantages of the
method lie in its capability to consider general process flow
pattern, handle systems forming double salt, deal with severat
temperatures as potential operation conditions, and handle
several feeds and products, Also, since the model constraints
are lincar and since only a small number of nodes are neces-
sary, the network optimization problem can be straightfor-
wardly solved with standard algorithms.

The solution to the network flow problem indicates the un-
derlying mass flow of the desired flowsheet. However, the
method can be combined with superstructures for energy in-
tegration and equipment selection, as described by Cisternas
et al. (2001), to search for minimum total cost. In this case
the mathematical model became a MILP problem, which,
given the small sizes implicated, standard algorithms should
be quite sufficient.

The method has been applied to various examples that ver-
ify its utility in the search for conceptual designs for the pro-
cessing of these systems.
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Appendix A: Identification of New Potential
Operation Points,

Let us consider that the reciprocal salt pair system has j=1,
2,3,...,Jsolid phases and i=1,2, ..., { triple and double
saRuration points at one specified temperature and pressure.
The number of triple points (tp) is p = J —2. The number of
double saturation lines {(dl) (connections between double
saturatien points-triple saturation points, and triple satura-
tion—triple saturation points) are di =2(p +1.

To identify which points are connected, let us define Qi
where a,; =1 if point { is saturated with solid phase j, and
a,; =0 if not. Then point i is connected with point k if
Ejaijakj =2, Each line connection, {, ﬁ:, can be represented
by twa straight lines between points (2/,r!,72} and (z%,+5,r5),
as z=a,+ B.r, and r, = a, + B,r,, with min(r.,r5) <r, <
max(r;,r¥), where, z,r.,r, are the mol of water/equivalent,
caticn equivalent fraction, and anion equivalent fraction, re-
spectively. The values of @, 8 can be easily determined from
points { and k.

Each tie line between a solid phase j and a saturation paint
i can be represented by a line between points (2! rj, rj), and

L

(2h,rfr)), as 2= 6.+ 4,r, and r,= 8, + ¢,r,, with min(r!,r})
<r, <max(rl,rf). The values of 8, & can be easily deter-
mined from points ¢ and j,

The tie line i.j intercepts the double saturation line ik in
the point r, = (@, — 6, )44, — B,), where { is a triple point, if
max(min(rf,rS), min(rf,r¥)) <r,< wmin(max(r],rk),
max(r!,rk)).

This intercept can be considered as a new potential opera-
tion point.

Appendix B: Verification of Feasibility of a Potential
Operation Point

A potential operation point /, (z,r},rl), can be considered
as an operation point to produce salt j, (z/,r/,r}), if it is pos-
sible to cut the line connecting it with its salt j by means of a
linear combination of the other selected points p, (z2,r7,r2).
This is

Bro+ (1= Byri=Fayr?
P
Bro+ (1= pYri=Leyr?
P
Be'+(1-B)t/ =L a,z°
2
E a,=1
p

0£8=1; 0<a, <1,

Manuseript received Mar. 25, 2002, and reuision received Jar. 2, 2003.
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