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A method for the manipulation of crystal shape by using cycles of growth and disso-
lution is presented, representing a unique process-based solution to an important prod-
uct quality concern. Using 3-D shape evolution models for faceted crystal growth and
dissolution, results are reported for cycling both an illustrative crystal system, as well
as a physical plate-like system. The results show that crystal shape can be manipulated
by cycling when the relative growth and dissolution rates are anisotropic, which can
be caused by differences in growth mechanism, asymmetry in super/undersaturation,
and by the use of surface active additives. Since this method of crystal shape enhance-
ment uses the existing liquid solution, it could be a valuable alternative to the tradi-
tional methods which often require changes in the chemical nature of the solution, for
example, by changing solvent. © 2007 American Institute of Chemical Engineers AIChE J,

53: 1510-1517, 2007
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Introduction

In recent years, a major focus of chemical engineering has
been the emphasis on product design and its integration into
traditional process design methodologies.! This focus on
products is largely driven by the growing importance of
microstructured materials which possess unique properties
and performance specific to the internal lattice structure, and
are commonly found in the food, pharmaceutical and elec-
tronics industries. For crystalline products, these properties
are often specific to each crystal face; therefore, the size of
each crystal face and, hence, the crystal shape is of critical
importance. For example, given a crystal with a single face
of particularly high-catalytic activity, the area of such a face
should be maximized; however, for a crystal, such as adipic
acid where the hydrophobicity of the (100) face makes bulk
transport difficult, the area of that face should be minimized.
Additionally, crystal shape affects both downstream pro-
cesses, such as filtering, washing and drying, as well as me-
chanical strength.
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Most industrial crystallizations take place in solution;
therefore, existing efforts in engineering enhanced crystal
shapes primarily rely directly upon changing the chemical
nature of the crystallization. Different solvents lead to differ-
ent crystal shapes, and mixed solvents can lead to even more
flexibility. For example, the aspect ratio of ibuprofin has
been shown to be directly correlated to the polarity of the
solvent.? Additives, both tailor made and surfactants, have
also been used to chemically alter the shapes that crystals
can achieve.>* In each of these cases, the change of the
chemical nature of the solution requires the use of additional
chemicals, and may also require additional recrystallizations
or separations, leading to possible complications in process
design and operation. Here, we present a novel processing
scheme that could lead to enhanced crystal shapes, hence,
solving a product quality problem solely by process engineer-
ing. Such a nonchemical route to crystal shape enhancement
has the benefit of not requiring changes in solvent, or addi-
tional impurities or separations since it uses the existing lig-
uid mixture already available in the process.

We propose to manipulate the shape of faceted crystals by
using repeated cycles of growth and dissolution. Using exist-
ing models for both faceted growth’ and dissolution,® we
show that conducting cycles of dissolution and growth can
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be a valuable mechanism for generating crystal shapes that
are not obtainable through either growth or dissolution alone.
This article is organized as follows. We begin by describing
the background to the growth and dissolution shape evolution
models. Then, we describe a discrete dynamical model that
tracks the change in crystal shape at the end of each cycle of
dissolution and growth. Next, we derive the conditions for
which a change in crystal shape occurs via cycles of growth
and dissolution. Finally, we use both an illustrative crystal
system, as well as the physical plate-like system similar to
succinic or adipic acid to demonstrate the impact of imple-
menting cycles of growth and dissolution on the shape of a
single crystal.

Modeling Growth and Dissolution

A method for modeling the faceted shape evolution of ei-
ther a growing’ or a dissolving® crystal has been developed.
This model tracks the relative perpendicular distance from an
origin inside the crystal to each face by a system of ordi-
nary-differential equations. The differential equations are
coupled to a set of algebraic conditions that determine when
faces appear at edges or vertices as the shape of the crystal
evolves in time. In addition, a set of rules governs the total
superset of planes that are to be considered during the evolu-
tion. The model inputs are the crystallography, as well as the
relative growth and dissolution rates of each face, which can
be taken from either experimental data or models. It is im-
portant to note that only the relative growth and dissolution
rates are needed to model crystal shapes. In our formulation,
all of the growth rates are normalized to the slowest growing
face, and all of the dissolution rates are normalized to the
slowest dissolving face; therefore, all of the relative rates are
greater than or equal to unity.

Let H; denote the perpendicular distance of face i from a
center point in the crystal, and let G; denote its normal ve-
locity, then H; and G; are related by

dH;
dt

=G, i=1,...,N 1

This differential equation describes the growth of face i
when G; > 0, and the dissolution of face i when G; < 0. In
the following, “Growth” will be denoted by the subscript
“G”, while “Dissolution” will be denoted by the subscript
“D”. Let the perpendicular distance of a reference face Hr,
be the characteristic length of the crystal, Gg ef = % be
the characteristic-growth velocity, and Gp s = %25t be the
characteristic-dissolution velocity. Then, the dimensionless
perpendicular distance is x; = H;/H, the relative (dimen-
sionless) growth velocity is Rg; = Gg.i/Ggrer and the rela-
tive (dimensionless) dissolution velocity is Rp; = Gp i/Gp ref-
By introducing a “warped” time for growth, dé; = %di

ref

Eq. 1 can be recast in fully dimensionless form for growth:

N —1 2)
If the relative growth rates are constant, the model is a lin-
ear system of ordinary-differential equations, and all of the
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eigenvalues are equal to —1; therefore, the unique and stable
steady-state is

X,*:R(;_’,‘, 1'217...7[\/—1 (3)
which the system will evolve towards during growth. Simi-
laréy, for dissolution, a “warped” time is defined as dép =
—If—'f‘dt where the negative sign is introduced since the ref-
erence dissolution rate is negative, and the “warped” time
should increase as time increases. Again, Eq. 1 can be recast
in dimensionless form, in this case for dissolution:

dx,-
=x; —Rp,

dép

Assuming all the relative rates of dissolution are constant,
Eq. 4 is a linear system of ordinary-differential equations
with eigenvalues all equal to +1. Thus, the steady-state, x; =
Rp;, is unstable, and the system will move away from the
steady-state during dissolution. For both growth and dissolu-
tion, these sets of differential equations are coupled to a set
of rules for selecting candidate faces, as well as to an alge-
braic condition that determines when new faces may appear.
A full description of these rules is presented in Zhang et al.’
and Snyder and Doherty.®

In general, the relative rates of growth and dissolution,
R, and Rp;, will depend on the actual conditions inside the
crystallizer (for example, supersaturation, undersaturation or
concentration of impurities) and may not be constant. Thus,
Eq. 2 or Eq. 4 should be coupled to the crystallizer mass and
energy balances, causing the system to be nonlinear.

i=1,...,N—1 )

Discrete Dynamic System

The differential equations describing growth and dissolu-
tion track the relative perpendicular distance continuously in
time; however, we are primarily interested in the result of a
change in shape after a complete cycle of dissolution and
growth. Thus, a discrete dynamical system describing the
resulting shape change after the end of each cycle is desired.
For the case of constant relative growth and dissolution rates,
the solutions of the growth equations are

%i(&6) = Rgi — (Rgi — xi(0)) - exp{—Cs},
i=1,...N—1 (5)
)

and the solutions to the dissolution equations are

xi(&p) = (x:(0) — Rp;) -exp{ép} +Rp;, i=1,...,N—1
@)
g Href(o)
= n <Href(tD)) (8)

The relative perpendicular distance to face i at the end of
cycle j is defined as x;, thus, the initial condition to any cy-
cling scheme is given by x; . First, begin with a crystal face
with perpendicular distance x;; and dissolve it for a time
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Atp corresponding to a dimensionless time A&p. Substituting
these conditions into Eq. 7 the perpendicular distance of
each face i after warped time A& is given by

xi(Alp) = (xij — Rp,) - exp{Alp} + Rp,,
i=1,....N—1 (9
Then, grow the crystal for a time Af; corresponding to a
dimensionless time Ags. Substituting x;(Afp) from Eq. 9 as
the initial condition of Eq. 5 results in an expression for x; ;4

Xij+1 =Rg; — (Rgi — Rp; — (xij — Rp,)-
exp{A&p}) -exp{—A&s} (10)

This defines the recursive relationship between the relative
perpendicular distance from one cycle x;; to the next x; i,
and, hence, defines the discrete dynamical system describing
the shape after each cycle. This is only valid for the case
when relative growth and dissolution rates are constant, and
when none of the growth faces disappear from the crystal
during the dissolution stage. (Since faces that have disap-
peared no longer have a real growth or dissolution rate, they
are not constant.)
Now consider the case where the relative rates of growth
and dissolution are all equal such that
RGi=Rp; =R;,

i=1,...,N—1 (11

Equation 10 then simplifies to

Xijr1 =R+ (xij — R;) - exp{A&p — As},
i=1,...,N—1 (12)

When the dimensionless “warped” times, Afp and Aég
are equal (that is, the fractional decrease in crystal size by
dissolution equals the fractional increase in size due to
growth), Eq. 12 simplifies to

Xij+1 = Xij, l.:1,...,N7] (]3)
and there is no change in the relative perpendicular distance
after a complete cycle. Therefore, growth and dissolution are
reversible, and there is no change in crystal shape or size as a
result of the cycling process. Thus, in order for a shape
change to be achieved during cycling either the relative rate
of growth and dissolution must be unequal for at least one
face, or A¢p # A&s. This difference can occur in one of sev-
eral ways. First, the relative rates of growth and dissolution
could simply be unequal for at least one face i. Alternatively,
as mentioned earlier, one of the faces that was present at the
beginning of the cycle could disappear during the dissolution
stage of the process. Thus, this “real” face will have degener-
ated into a “virtual” face, and will no longer travel at the
same relative rate. Finally, one or more of the relative growth
and dissolution rates may not be constant, which would im-
mediately make the equations nonlinear and irreversible.

Quantifying Changes in Crystal Morphology

Monitoring changes in crystal shape requires tracking the
area or perpendicular distance of each crystal face. Alterna-
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tively a single quantity, such as the sphericity, can be used
to conveniently determine changes in crystal shape after cy-
cling. The sphericity i is defined as the ratio of the surface
area of a sphere with a volume identical to that of the crys-
tal, to the actual surface area of the crystal. This can be
expressed as

_ \/3 36-m- Vcryslal

S crystal

v (14)

where Virysar is the crystal volume, and Scpygq i the crystal
surface area. Thus, for isometric particles  is close to one
(for a sphere it is equal to one) while for crystals that are
needle-like or plate-like its value is much lower.

Results: lllustrative System

First, we report results of cycling an illustrative crystal
system which demonstrate the possible morphological
changes resulting from cycles of dissolution and growth. The
illustrative crystal system contains a single growth unit per
unit cell with the unit cell parameters a = b = ¢ = 1 and
o = f§ =y = 90°. There are three sets of flat planes in the
illustrative system corresponding to the {100}, {010} and
{001} plane families. The relative growth and dissolution
rates of the {010} plane family are different from those of
the {100} and {001} plane families. The relative growth
rates of the {010} families of planes are set at three, while
the relative growth rates of the {100} and {001} families of
planes are set at one. There are twelve planes at the edges of
the adjacent flat planes corresponding to the {011}, {101}
and {110} plane families, and there are eight planes at the
vertices corresponding to the {111} plane family. Since these
are stepped or kinked planes, their relative growth and disso-
lution rates are set to 10 (an order of magnitude higher than
the slowest growing faces). These planes are potential disso-
lution planes or faces, and are not present on either the
steady-state growth habit or the steady-state dissolution habit.
These planes also comprise the entire superset necessary to
describe growth and dissolution of this illustrative system.6
When these relative growth and dissolution rates are put into
the dynamic model they describe the shape evolution during
each cycle. During a growth stage, shapes will evolve toward
the steady-state growth shape which is displayed in Figure la.
This shape is used as the initial condition for beginning the
cycling protocol for each simulation.

First, consider the case where the relative rates of growth
and dissolution are equal. The operating policy for this simu-
lation is to first dissolve 20% of the crystal volume, then to
grow until the original volume has been reattained. Figure 1b
shows the crystal shape when 20% of the crystal is dissolved,
and none of the growth faces have yet disappeared from the
surface of the crystal. Figure 2 shows the continuous course
of the sphericity for this process. The crystal shapes at the
beginning and end of each stage of dissolution and growth
are shown on the figure. During dissolution, the crystal
becomes more faceted, its surface area increases, thus the
sphericity initially increases. Once the crystal begins to
grow, a discontinuity in slope is seen. Then, the evolution of
the crystal follows the same relative trajectory in reverse as
during dissolution. When the crystal is regrown to its initial
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(001), Rg=1.0

(100), Rg=1.0 (010), Rg=3.0

(001), Ry=1.0

(010), Ry=2.0

(100), Ry=1.0
(d)

(c)

(101), Ry=R5=10.0 (011), Ry=R,=10.0

(110), Ry=R=10.0

(001), Rp=1.0
(010), Ry=6.0

(101), R;=R4=10.0
(010), Rg=3.0

(e)

Figure 1. lllustrative system crystal habits: growth steady-state (a); 20% of the initial volume dissolved when Rg; =
Rp i, note that none of the growth faces disappear (b); the unstable dissolution steady-state for Rp, 919 =
Rp,0i0) = 6.0 (c); the unstable dissolution steady-state for Rp 010) = Rp,010) = 2.0 (d); 65% of the initial
volume dissolved when Rg; = Rp,;, note that some of the growth faces have disappeared (e).

volume, a cycle is completed and its sphericity is again equal
to Y. The actual time required to follow the trajectory is
not enumerated here, since only relative rates of growth and
dissolution, and dimensionless time are required in the simu-
lation. (Recall that the dimensionless time is a measure of
the change of crystal volume.) The dimensionless time at
the end of each cycle is noted by the integers 1,2,. .., and the
end of each dissolution stage is marked by 1d, 2d,... in the
figures. The real duration time, in minutes, of each stage of
the cycle depends on the absolute dissolution and growth
rates; therefore, these duration times can be different even in
the case when the dimensionless duration times are equal.
Since absolute dissolution rates are normally higher than
absolute growth rates, the real-time required to dissolve 20%
of the crystal’s volume will often be shorter than the real-
time required to grow 20% of the crystal’s volume.

As predicted from the discrete dynamical system, the pro-
cess is reversible when the relative rates of growth and of dis-
solution are equal for every face and none of the growth faces
disappear from the surface of the crystal. To break the revers-
ibility, first the relative rates are chosen to be different. Later,
we consider the case of breaking reversibility as a result of
the disappearance of some of the growth faces. The relative
rates of growth and the relative rates of dissolution could be
different for a number of reasons, for example, different
mechanism of growth and dissolution (2-D-nucleation vs spi-
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ral growth), different super/undersaturation effects or impur-
ities affecting growth but not dissolution of faces. However, it
depends strictly on whether the relative rate of dissolution of
a face i is larger or smaller than its relative rate of growth as
to which shapes are attainable by cycling.

First, the relative rates of dissolution of the {010} family of
planes are chosen to be larger than the relative rates of growth
(Rp,010) = Rp,010) = 6). The other faces each have the same

relative growth and dissolution rates (Rp(i00y = Rag,(100)
RD,(OO]) = RG,{OOI]’ RD,(O]I] = RG,{011)> RD,[IOI) = RG,(IOI]’
RD,{”O} = RG,{I]O} and RD,(II]} = RG,{I]I))' These rates now

describe the new dynamics during the dissolution stage of the
cycling protocol. The shape of the unstable dissolution steady-
state (Figure 1c) is different from the stable growth steady-
state. During the cycling process, while shapes are dynami-
cally dissolving they will evolve away from the steady-state
dissolution shape, and while shapes are growing they will
dynamically evolve towards the steady-state growth shape.
The policy for this cycling process is to dissolve 20% of
the crystal’s material and regrow it to the original volume.
For this degree of dissolution, growth faces do not disappear
during dissolution. Figure 3 shows the continuous course of
the sphericity as the crystal is cycled through multiple stages
of dissolution and growth. Within each period of growth, a
new discontinuity in slope exists (as seen at the end of each
growth period) corresponding to the disappearance of some
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Figure 2. The sphericity evolution of the illustrative
system for the case when Rg; = Rp; for
each face, i.

Note that since none of the growth faces disappear through
the end of each dissolution stage, growth and dissolution
are reversible. Thus, the sphericity and habit both return to
their steady-state value after each cycle.

of the dissolution planes from the habit. Since the relative
rates of growth and dissolution are no longer equal, the sphe-
ricity does not return to its steady-state value at the end of a
cycle; hence, the shape has changed as a result of the cycling
procedure. Note that the location of the points 1d, 2d,... are
no longer midway within the cycles. Figure 4 shows the dis-
crete sphericity evolution at the end of each cycle of dissolu-
tion and growth. Several crystal habits are also included to
visualize the result of the shape change. As cycling proceeds,
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Figure 3. The sphericity evolution of the illustrative
system for the case when Rp (o10) = Rp, (070 =
6.0.

For each of the other faces R, = Rp .
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Figure 4. The sphericity of the illustrative system after
each cycle for the case when Rg 10 >
RD,(010)-

The crystal habit is flattened as cycling proceeds and the
sphericity obtains a maximum when the system achieves a
cubic shape.

the perpendicular distance becomes smaller for the {010}
planes. This can be understood by comparing the shapes to
the steady-states of both growth and dissolution. During the
dissolution stage the crystal moves away from its steady-state
dissolution shape; thus, it is dramatically shortened in the
[010] and [010] direction since the relative dissolution rates
of those faces are increased. When it is regrown it evolves
toward the steady-state growth shape, and is elongated only
partially to the extent that it was shortened in the dissolution
stage. Thus, the resulting shape has the net change of being
less like the steady-state dissolution shape. As the process of
cycling continues, the sphericity reaches a maximum when
the habit is a cube, and then decreases as the habit becomes
more plate-like.

Now consider the case when the relative rates of dissolu-
tion of the {010} family of planes are chosen to be smaller
than their relative rates of growth (Rp 10y = Rp 010) = 2)s
while the other faces again have equal relative growth and
dissolution rates. The unstable dissolution steady-state for
this case is shown in Figure 1d. In this case, the habit of the
dissolution steady-state is less elongated than the steady-state
for growth. Thus, since the crystals become less like their
steady-state dissolution shape during cycling, it is expected
that the crystals in this case will become more needle-like as
a result. Again the system is initialized with the steady-state
growth shape. Figure 5 shows the sphericity evolution at the
end of each cycle along with selected crystal habits at spe-
cific cycle points. In this case, 20% of the crystal volume
was dissolved in each dissolution stage, and the crystal was
regrown until only growth faces were present on the crystal
habit. (If the crystal is only regrown to its original volume,
some dissolution faces are still present on the habit making
shape comparison more challenging.) As expected, the crys-
tal becomes more extended in the [010] and [010] direction,
resulting in a more needle-like crystal with a continually
decreasing sphericity.
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Figure 5. The sphericity of the illustrative system after
each cycle for the case when Rg o109 <
Rp,(010)-
The habit is elongated as cycling proceeds.

When relative rates of growth and dissolution are equal,
the cycling process also becomes irreversible when the crys-
tal is dissolved to the point where some of the growth faces
have disappeared. When they disappear they degenerate as a
vertex or edge, thus, they have no real velocity and they
move with a virtual velocity corresponding to that of the ver-
tex or edge. Thus, their relative rate of dissolution becomes
different from their relative rate of growth for a portion of
the cycling process, leading to a change in shape. In the il-
lustrative system, faces disappear when approximately 65%
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E A 4 80% Dissolved
0.57 +
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Figure 6. Sphericity of the illustrative system is shown
after each cycle for various amounts of crys-
tal dissolution during each dissolution stage.
The crystal cycling reversibility is broken solely as a result
of some of the steady-state growth faces disappearing dur-

ing each dissolution cycle. The habit at the end of the sixth
cycle in each case is also shown.
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of the material has been dissolved. The corresponding habit
is displayed in Figure le. When 80% of the crystal has been
dissolved, all the growth faces have vanished from the sur-
face of the crystal. The magnitude of change in crystal shape
depends on the amount of material dissolved during a period
of dissolution, since this determines which faces disappear
during dissolution and when they reappear during growth.
Several simulations are now reported, each is initialized with
the steady-state growth shape, then a specific percentage of
the material is dissolved, and the crystal is regrown to its
original volume. Figure 6 shows the sphericity at the end of
each cycle for multiple values of the amount of material dis-
solved during each dissolution stage. Note that as the amount
of material dissolved in each dissolution stage increases, the
magnitude of the shape change also increases. In each case,
the system becomes elongated in the [010] and [010] direc-
tion.

Results: Plate-like systems

The results in the previous section highlight the conditions
under which a shape change occurs during a cycle of growth
and dissolution. Now we present the results for a cycling
simulation of a physical crystal system, with a hexagonal
plate-like steady-state growth shape that is similar to that of
both succinic and adipic acids grown in water. This hexago-
nal plate-like steady-state growth shape contains large {100}
faces (see Figure 7a). There are two growth units per unit
cell, and the unit cell parameters are a = 5.519A, b =
8.862A, ¢ = 5.101A, « = 7 = 90° and § = 91.59°. There
are three sets of flat planes that need to be considered for the
system corresponding to the {100}, {011} and {020} plane
families. The relative growth rates for the flat planes are set

(111), Rg=R,=10
(011), Rg=2.98
(031), Rg=R,=10
(100), Rz=1.0
(020), Rg=4.19 (021), Rg=Rp=10
(a) (b)
(011), Ry=5.96
(100), Rp=1.0
(020), R,=8.38

(©

Figure 7. Plate-like system crystal habits: Growth
steady-state (a), 25% partially dissolved in
the initial dissolution stage (b), and the dis-
solution steady-state (c).
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as RG,(IOO} = 10, RG,{OII} = 2.98 and RG,(OZO} = 4.19. The
superset of planes for the growth and dissolution simulation
also contains the 18 planes in the {111}, {111}, {002},
{120}, {120} and {031} plane families corresponding to the
planes at the edges formed by the flat faces, and the 12
planes in the {102}, {102}, and {131} plane families corre-
sponding to the planes at the vertices formed by the adjacent
flat faces.® These stepped and kinked faces are given relative
rates of growth and dissolution an order of magnitude higher
than the slowest growing face (Rg; = Rp; = 10.0).”

Now we demonstrate the cycling model for a set of rela-
tive dissolution rates corresponding to Rp 020y = 8.38 and
Rp 1011y = 5.96. For all of the other faces the condition R ;
= Rp; holds. In the dissolution stage, 25% of the initial vol-
ume is dissolved which is such that none of the growth faces
disappear. Thus, the resulting change in crystal morphology
is purely a result of the anisotropy of the growth and dissolu-
tion rates. The crystal habit after the initial stage of dissolu-
tion with all of the growth faces still present is shown in Fig-
ure 7b. The growth stage of each cycle proceeds until the
crystal attains its original volume. The unstable dissolution
steady-state habit is shown in Figure 7c.

Figure 8 shows the resulting sphericity after each cycle
along with selected crystal habits. During the cycling process
the crystal habit becomes more block-like, which again cor-
responds to shapes less like the dissolution steady-state.
Figure 9 shows the evolution of the relative areas of several
crystal plane families. Note that the relative areas of the
{011} and {020} plane families increase as the cycling pro-
cess proceeds since both of those plane families are more im-
portant on the growth steady-state than on the dissolution
steady-state. Accordingly, the relative area of the {100}
plane family decreases as time evolves, since it is less impor-
tant on the growth steady-state shape than on the dissolution
steady-state shape. This is in complete agreement with the
idea that as the cycling evolves the crystal habit becomes
less like the dissolution steady-state. If the cycling was con-

0.84 T T T T T T T T T

000009000000,
o %o
° oo
%0,
%o

°

Sphericity y
(=]
>

070 Il 1 I 1 Il 1 1 1 I
0 5 10 15 20 25 30 35 40 45 50

Cycles

Figure 8. The sphericity of the plate-like system after
each cycle is shown along with the corre-
sponding crystal habit for several specific
cycles.
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Figure 9. The relative areas of several faces of the

plate-like system being cycled.

The corresponding crystal habits are shown for the steady-
state (a), the 11"™ cycle (b), the 31*' cycle (c) and the 49™
cycle (d).

tinued, the habit would approach that of a needle elongated
in the {010} direction.

Conclusions

Using faceted shape evolution models, predictions of mor-
phological enhancement due to a cycling through stages of
both dissolution and growth have been reported. This
enhancement of crystal shape results from the anisotropy of
relative growth and dissolution rates, as well as the system-
atic disappearance and reappearance of crystal faces. When
none of the growth faces disappear during the dissolution
stage of the cycle, the result of cycling can be predicted by a
comparison of the steady-states of both growth and dissolu-
tion. The shape, in general, becomes less like the dissolution
steady-state as the cycling proceeds. The magnitude of the
shape enhancement also depends upon the quantity of mate-
rial dissolved.

While this study highlights the possibilities of such a
shape enhancement protocol, in a real crystallizer a distribu-
tion of crystal sizes and shapes exists. Thus, each of the crys-
tals are affected by the cycling to varying degrees. While
larger crystals are subject to small changes in shape during a
cycle, smaller crystals could even dissolve away completely.
Thus, by applying cycles of growth and dissolution both the
size as well as the shape of the crystal population are subject
to change. Furthermore, since a large number of cycles are
often necessary to produce a desired shape enhancement, the
continual heating and cooling of a single batch crystallizer
would be very time consuming and inefficient. (If only
because of the thermal inertia of the equipment.) Rather, new
crystallizer configurations are sought for accomplishing this
new scheme. Such an embodiment could consist of linking
two crystallizers together, with one for growth and another
for dissolution, such that the slurry is circulated between
them. Alternatively, a continuous coiled crystallizer with hot
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and cold zones or other new designs could be an efficient
implementation scheme.
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