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STUDIES IN MELT CRYSTALLIZATION

G. Richard Atwood
Union Carbide Corporation
Tarrytown, New York

A great number of separation techniques and associated devices
based upon melt crystallization have evolved over the past decades.
Among them have been several variants of normal freezing, zone refining,
and column crystallization as examples, It is not the purpose of this
chapter to describe any new techniques or even critically review the old.
Rather, we are combining here a series of partially related solid-liquid
studies, which may help to broaden our understanding of the phenomenon
of crystallization itself, which in turn is essential to the development and
evaluation of such techniques and processes.

Not all the studies, or rather series of studies, described here
are directly related to separation methods. Nor, indeed, are they all our
own, Many are related to analytical techniques; some to the heterogenous
behavior of functional systems. Some are principally considerations
based upon the work of others. All, however, contribute in a partial way
to one's concept of solid-liquid phenomena, and indirectly to melt crystal-
lization as a separation tool.

Although "melt crystallization” encompasses a wide range of
chemical species and environmental conditions, the work described here
is primarily on organic systems. Whereas the fundamentals of phase
equilibria are independent of specie type, the practical aspects are not.

The simple concept of a crystal differs among metals, ionic salts, and
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organic compounds, due particularly to the differing types and relative
strengths of the binding forces involved. Organic crystals are ordered
agglomerations of neutral organic molecules, and the binding forces, prin-
cipally Van der Waals, are the weakest of the lot. Accordingly, most
simple organics melt at reasonably low temperatures, and many, where
the symmetry is poor and crystal packing difficult, melt far below ambient.
The conclusions which one draws with respect to crystallization or related
phenomena, when based upon the simple molecule concept, cannot neces-
sarily be extrapolated to "ionic" or metallic systems.

The prevalence of solid solution in particular is much lower for
organics than with the other types of crystals. However, the phenomenon,
though rare, is nonetheless significant for many commercially important
systems, The problem of accurately measuring solid solution equilibria,
along with that of understanding and predicting solid-liquid behavior under
non-equilibrium conditions, has been an area of considerable interest.
Accordingly, much of the following work is related to the recognition and

behavior of solid solution.

A. FUNDAMENTALS

Let us first examine the concept of solid-liquid equilibrium as it
pertains to the growth and melting of organic crystals. The crystal itself
consists of a three dimensional arrangement of molecules, packed in an
ordered fashion such as to maximize the cohesive forces between mole-
cules, and thus minimize the total enthalpy of the system. From a simple
standpoint we can imagine two types of molecules, those in the interior of
the crystal, and those on the surface. The interior molecules are sub-
jected to cohesive forces on all sides, in addition to which they are trapped
within limited volumes of defined shape. Accordingly, one would expect

such molecules to require considerable thermal energy to disrupt the pat-
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tern and to "'melt” internally. Indeed, though crystals do expand as they

are heated, their volume at the melting point is generally 10-15 percent
less than that of the liquid, indicating little or no tendency toward internal
instability or disintegration,

Surface molecules, however, are bound only partially by the
"maximum" cohesive forces, and do have a greater freedom of motion.
As a crystal is heated, therefore, it is these molecules which can achieve
release from the structure and which will do so at the lowest temperatures,
Thus, a crystal, though stable internally, can "melt” from its surface.

At equilibrium (i. e., the melting temperature) the number of surface
molecules with sufficient energy to leave the crystal is about equal to the
number of liquid molecules with sufficiently low energy and appropriate
orientation to join the structure. Thus the crystal as a whole neither
melts nor grows. At higher temperatures more molecules will leave the
surface (exposing additional surface) and the crystal melts or dissolves
into the liquid. (The classical question as to whether the sugar melts or
dissolves into a cup of coffee is merely an exercise in sematics, the
mechanism being the same.) At lower temperatures the crystal grows.

Actually, the mechanism is much more complex, for we have
various types of surface molecules with various cohesive energies. Actual
melting occurs where the molecule is bound the least (as at a corner) and
growth occurs where the most forces can act at once (at an "inside" cor-
ner). These can be considered "active” sites, and are typified by some
dislocation lines, etc, For our purposes, it will be simple enough to

visualize the phenomena as solid surface—1liquid equilibrium.

Simple Eutectic Behavior

Let us now review the phase equilibria of a simple eutectic system

such as that shown in Figure 1. A simple eutectic system is characterized
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Temperature

Composition

Figure 1. Phase Diagram for Simple Eutectic System.

by the fact that the crystalline phases are pure single components,
Curves TfAE and TfBE define the equilibrium freezing temperatures for
the binary liquid compositions indicated, or conversely, the melting tem-
peratures of A or B crystal into liquid phases of these compositions. It
can be readily recognized that the freezing/melting temperature of a pure
substance would be reduced when a second component is present in the
liquid phase. For this dilution of the crystallizable component reduces the
number of molecules which can settle on the crystal surface (thermody-
namically, the activity in the liquid is reduced), while not affecting in the
least the number of existing surface molecules with sufficient energy to
leave. Only at lower temperatures can equilibrium be reestablished.

It must be pointed out that the shape of curve T, E is in no way

fA

affected by the melting point, T_ of compound B, nor is the curvature of

B

TfBE affected by the melting point, T N of A, These curves are affected

somewhat by the thermodynamic ideality of the liquid solution, but the
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stabilities of crystals A and B can never affect each other. Only at the

eutectic point E where curves Tf AE and T_E coincidentally intersect can

solids A and B even exist together in equilfgrium with the liquid (of com-~
position E). Below this temperature all liquid crystallizes. The solid
eutectic mixture which is formed is not a solid solution (often designated
"mixed crystals" in Europe), but a simple physical mixture of pure A and
pure B crystals in the eutectic ratio. This ratio has no thermodynamic
significance of itself, but is only the coincidental intersection of the two
independent solid-liquid equilibrium curves.

If, now, a liquid composition, yB, initially at a temperature
above Ty’ is cooled, say by the continuous removal of heat at a constant
rate, and if thermodynamic equilibrium is maintained, pure A will start
to crystallize at temperature T_ , The heat of fusion released as A
crystallizes acts to resist the cooling, and the temperature falls less
rapidly. The continued crystallization of A, however, changes the com-
position of the liquid, lowering its freezing point, and both the liquid com-
position and the temperature gradually fall along curve T_ E. Once

fA
point E is reached, both pure A and pure B crystallize out simultaneously,

and the temperature remains TE until the entire system is solid. Typical
examples of such cooling curves are given in Figure 2,

If any sample so frozen is now heated (again by the constant,
continuous addition of heat), and equilibrium is still maintained, the tem-
perature will hold constant at TE as both A and B melt in eutectic propor-
tions until either A or B is completely melted, after which the temperature
will rise again, retracing the original freezing pattern. Physically this
process is not really feasible to its limits. The dotted lines (Figure 2)
show the practical extent to which one might freeze a system and maintain
sufficient agitation to achieve (and measure) a reasonably homogenous

equilibrium temperature. As the solids content increases, the system
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Figure 2, Theoretical Cooling Curves for Compositions in a
Simple Eutectic System.

becomes unstirrable and poor internal heat transfer prohibits any consis-
tent or homogenous cooling or heating,

We have discussed thus far only equilibrium phenomena. Suppose
that we cool the sample faster than it can theorectically respond by crys-
tallization. There are several possible sources of kinetic lag, the major
one being the paucity of crystal surface (or surface dislocations) for
growth, Our concept of equilibrium presumes an ample availability of
such surface, but it is not possible to spontaneously generate an abundance
of surface by nucleation at the equilibrium freezing (or crystal growth)
temperature. The thermodynamic stability of a "nucleus" is far less than
that of an established crystal of finite dimensions, and accordingly, the
formation of such a nucleus must occur under supercooled conditions.

Consequently, when a liquid sample such as yB is cooled through its
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freezing temperature, it first supercools, during which time nuclei are
formed (see Figure 2), When enough such nuclei are generated that their
growth can release substantial heat of fusion, the temperature can rise
again, but never all the way to the equilibrium freezing temperature,
since the surface so generated will never be quite sufficient to permit true
equilibrium.

A second kinetic barrier is molecular diffusion within the liquid.
As we have pointed out, the growth of crystal from a binary liquor results
in a composition depleted in the crystallizing component and hence a re-
duced equilibrium freezing temperature. If molecular diffusion were
sufficiently rapid to maintain a homogeneous liquid composition, this would
be no problem. Depletion, however, occurs next to the crystal surface,
leading to a so-called "boundary layer’’, the freezing temperature of which
is lower than that of the bulk liquid (or higher if the crystal is being mel-
ted). The rate of corrective diffusion is proportional to the magnitude of
the gradient, and hence is never enough to eliminate it entirely. Thus we
must always crystallize or melt with what amounts to a thermal (or con-
centration) driving force, and the bulk system will be supercooled during
crystallization and superheated during melting even though equilibrium has
been nearly achieved at the crystal surface.

The net result, thermodynamically, of non-equilibrium crystal-
lization is identical to that of equilibrium crystallization, in the sense that
two pure crystalline phases are ultimately formed, A and B. Physically,
there will be a difference in that the rapidly frozen crystals will be
smaller, more intimately mixed, and will have entrapped considerable
proportions of each other. This is because under supercooled conditions
a greater quantity of nucleation can take place, leading to more, and more
widely distributed, surface. In addition, the sharp concentration gradients

established induce the crystals to grow preferentially in directions defined
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by the higher freezing temperature liquid (i. e., higher concentrations of
A or B, whichever is crystallizing), giving what is known as a dendritic
(multineedled) structure, The meeting and fusion of adjacent crystallites
or crystal branches invariably leads to the entrapment of liquid, and the
subsequent formation (when cooled below the eutectic) of regions of
crystal B within crystal A (or vice versa) along with entrapped voids (the
liquid being less dense prior to ultimate solidification).

Thus we obtain a poor quality "solid” from the standpoint of any
purification process, in spite of the fact that we have still formed crystals
of only pure A and pure B. Let us now arbritrarily define the term "solid"”
to mean the composite of crystal and its entrapped liquor (whether such
liquor is ultimately frozen or not). The term "crystal” will be reserved
for the actual growing phase, and it may be pure or it may not, depending

upon whether the system in question exhibits solid solution.

Solid Solution Behavior

Let us now consider the phenomenon of solid solution. Normally,
the variable size and shape of organic molecules prohibits the inclusion of
one kind in the close packed lattice of another. If the intruder is too large,
it cannot fit; if too small, it adds little to the lattice stability, does not
induce overgrowth, and soon leaves the surface to be replaced by a proper
molecule. There are, however, molecules sufficiently alike in size and
shape such that they can grow in a single lattice in variable ratios.
Because, however, the two (or more) molecules do not contribute exactly
the same to the crystal stability, their composition ratio in the growing
crystal will not be the same as in the melt from which they grow.

Figure 3 shows a system exhibiting a continuous series of solid
solutions. Unlike the simple elutectic system, the crystal phase growing

in equilibrium with the liquid of a given composition, e.g., Vg is not a
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Temperature

Composition

Figure 3. Phase Diagram for Solid Solution System.

pure component, but is a solution of components having a thermodynami-
cally defined composition, e.g., XB' in which the activity of any one com-
ponent is identical in both the crystal and liquid phases. The difference

in composition between x_ and Vg results from a difference in activity

B
coefficients in these phases, the crystalline phase in general being much

less ideal than the liquid phase. Just as the upper TfATfB curve defines

the liquid phase and is called the liquidous line, so does the lower T ¢ ATfB
curve define the crystal phase and is called the "solidous” line.

If one cools a solution Vg below temperature T . , so as to re-

versibly freeze the sample at equilibrium, crystals of cf)ymposition xB can
be formed. The growth of a significant proportion of crystal richer in A
than the liquor will result in a liquor enriched in B. The composition and
temperature will, therefore, follow the liquidous line toward TfB' If the
crystals were able to undergo the internal diffusion of fluid phases, the
crystal composition would change (via interchange with the liquid), along

with that of the liquid, following the solidous line. At temperature Tmy
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the entire sample would be frozen to crystal of composition Vg the last
traces of liquid being of composition y‘B. However, organic crystals can-
not undergo any appreciable internal diffusion, and the composition of any
layer of crystal, once grown and overlayed with a new surface, cannot
change. Accordingly, as the sample is frozen and the concentration of the
liquid proceeds down the liquidous line, only that composition of the crys-
tal surface follows along the solidous line. The overall composition of the
crystal follows the dashed curve, and its final surface, as well as the last
trace of liquid to freeze, is nearly pure B.

If such a reversibly frozen sample is slowly reheated, so that
the crystal is allowed to remelt reversibly, the compositions and equilib-
rium temperatures can retrace their original paths.

What about the behavior, now, of such a system under none.ui-
librium conditions, i.e., conditions under which crystal is grown or
melted irreversibly with a driving force, or perhaps in which crystal of a
given composition is fntroduced into a liquor with which it cannot possibly
be in equilibrium.

The writer's understanding of such behavior was helped im-
mensely by the use of an equation given by Cheng and Pigfordl. The free
energy of fusion,AGf, of a solid solution can be expressed in terms of the
crystal composition, x, and the chemical potentials,‘{ » of the components

in the solid and liquid phase.

_ L_ S L S
AGf XA(A’A "fA) + XB(‘/B—"B) (1)
The chemical potentials can in turn be expressed as functions of their

values under equilibrium conditions,

S _. 8 S, s
A\ A, * RTInG@, /2" ) 2

and the activities in terms of the activity coefficients.
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S _ « YS 3
AT XAlA )
Substituting into (1), and realizing that AGfe’ the free energy at equilib-

rium, is zero, i.e.,

L S LS. _
AC, =x,Uf, Hpo) + Xg¥p.4p) =0 )
we have:
G
RTf - xAln(eryA/YAeXA) + xBln(xBeyB/yBexB)
LyS  yL yS LyS L ¢S
+x Y Y 0 0+ xgind ¥ /T YD (5)

If we assume that the activity coefficient does not change appreciably with
composition in either the solid or the liquid, and if we also replace X, by
I-x), t
( xB) we ge

AG
RT - (Ixpn(-xp M1-yp)/(1=yp J(1-xp) + xpln(xp yp/yp Xp)  (6)

Let us now consider Figure 4, which is a series of plots ofAGf/RT
versus the concentration of B in the solid, Xps for various values of Vg the
concentration of B in the liquid. These were computed for an arbitrarily
chosen temperature at which the equilibrium values of solid and liquid
composition, XBe and YBe respectively, are 0.2 and 0.5. A negative value
ofAGf/ RT tells us that the solid will melt spontaneously, and hence these
may be considered plots of crystal stability.

Consider first the curve for Vg = Vpe © 0.5. This curve shows, as
we would expect, that at a temperature, Tfy’ at which Xne and yBe are the
equilibrium values, no crystal except XBe is stable in a liquor of composi-
tion Ype' AGf is negative, and any crystal with Xp greater or less than
0. 2 would spontaneously melt.

Consider next the stability curve for Vg © 0. 4, a liquor which is

obviously supergooled, being at a temperature below the liquidous curve.

Now a range of crystal compositions, 0.01 < xB< 0. 33, is stable. No
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Figure 4. Solid Solution Stability as a Function of Solid and
Liquid Compositions.

crystal within this range will melt; indeed their surfaces will support
further growth from the supercooled liquid. What composition will overlay
these surfaces? In theory any composition within the range could crystal-
lize. However, the most probable composition will be that with the maxi-
mum value ofAGf, and this, about 0. 15, will initially overlay whatever
stable surface is provided., Because the crystallization is spontaneous,
two phenomena, the release of heat and the enrichment of the boundary
layer in Component B tend to move the system to an equilibrium situation
on the micro scale., The temperature rises slightly and the liquid con-

centration of B at the surface increases to nearly Yge' Under these cir-
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cumstances, we crystallize out a composition somewhat higher than the
0. 15 but still slightly lower than xBe or 0, 2. As the temperature of the
system rises (or if it should be deliberately raised) such that the initial
crystal underlaying the new surface is in theory no longer stable (to the
liquid yB = 0. 4), it cannot now melt, It has been removed from contact
with the liquid by the new crystal and it is perfectly stable to all environ-
ments until the outer surfaces, which cover it much like the layers of an
onion, are first melted off,

Figure 4 shows the family of stability curves from Vg = 0.2¢to
yB =0.6. Naturally, the further the compositions are from their equilib-
rium values, the less accurate will be the quantitative aspects of the plots,
since the activity coefficients of both solid and liquid will indeed change
with composition, However, the essential nature of their shapes will be

qualitatively valid.

We might now ask what happens to a homogeneous solid solution
crystal as it is raised through its initial melting temperature. Such a
homogeneous solid solution might be difficult to obtain, but a small quanti-
ty could be slowly grown in a large volume of liquor and the crystals sepa-
rated and effectively cleaned. Let us assume our solid solution is 0, 2,
i.e., x_, , and that we have no liquid initially present, At temperature

Be
Tfy’ the solid should melt to give liquor of composition yBe = 0,5 How-~
ever, if we melt an appreciable quantity of liquor, its composition would
have to be 0. 2, and we see from the curve for yB = 0, 2 that a crystal of

Xp = 0. 2 is perfectly stable to that liquor and cannot melt at T What

must happen as the temperature rises is that an incremental qf\i/antity of
liquid of Vg = 0. 5 must form from the simultaneous melting and recrystal-
lization of a lesser quantity of slightly lower (xB=< 0. 2) crystal, The new
crystal would to some extent tend to overlay the old, but not everywhere,

and eventually the old might be entirely eroded away and replaced, though
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we would expect this procedure to be kinetically slow. As we further raise
the temperature, this process can go on repetitively until we reach our

final melting point, T, , and the last crystal to melt is of composition

x
x'_=0,06. Refreezing, of course, cannot give homogeneous XB =0.2

agBain. Instead we would build up variable composition crystals of
Xp = 0. 06 internally to XB = 1 on the surface.

Often one attempts to form a homogeneous solid solution by quick
freezing or "quenching" the liquid. The basis for this is that by initially
freezing out seeds or nuclei of composition XB (Figure 3) from a liquid of
Vg one might rapidly build up a liquid boundary layer of composition y'B,
from which crystal yg can be grown. The "thickness" of such boundary
layer will be directly proportional to the rate of diffusion and inversely
proportional to the rate of crystal growth, and its composition at the crystal
surface can never exceed y'B as long as the bulk liquid is Vg and crystal
growth is reasonably continous (not erratic), When the system is almost
completely frozen, however, there will be no bulk liquid of composition
Vg left, and final crystallization of the boundary layer liquid gives crystal
of composition varying from y'B to pure B. We, therefore, have a small

quantity of initial crystal of composition x_ to yB, a large fraction of

crystal with composition yB, and another sl,small final quantity with composi-
tion from yB to B. If we wish reasonably homogeneous solid solution, it is
desirable to reduce both the initial and final crystal, and this is equivalent
to reducing the volume of the necessary boundary layer. For liquids with
reasonable rates of diffusion, therefore, it would appear essential to crys-
tallize as rapidly as possible, However, this implies a good deal of
supercooling, and though the boundary layer might be thin, its volume,
which is also related to the surface area, might be increased due to exces-

sive nucleation, and dendritic branching. Whether there might be an

optimum rate is a topic worthy of further study,
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Figure 5 illustrates schematically a system which can be con-
sidered a hybrid of solid solution and eutectic type behavior. In this case
we have limited solubility in the solid state, i.e., thianaphthene is soluble
in the naphthalene lattice up to that concentration indicated by point D. For
liquid compositions beyond the eutectic, E, the thianaphthene lattice with
small concentrations of naphthalene is the more stable, From a liquid of
the eutectic composition, we can crystallize out physical mixtures of solid
solutions D and F (more F than D, since the eutectic is closer to F). The
dashed line BGA on the figure shows the average crystal composition as a
liquid of initial composition A is slowly frozen. Not until the eutectic is
reached, and solid solution F is precipitated out can the overall mass

balance of the crystals reach composition A,
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Figure 5. Phase Diagram for the Naphthalene - Thianaphthene System,
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Recognizing Solid Solution

The existance of solid solution is frequently difficult to recognize.
It is not usually possible to identify solid solution through the examination
of freezing curves per se. Figure 6 shows typical freezing curves (com-
puted) for naphthalene containing about 5 wt. % thianaphthene or the equiva-
lent amount of a simple eutectic forming solute to lower the initial freezing
temperature to about 78°C. The temperature is plotted against fraction
frozen instead of time, so that these curves represent what might be ob-
tained calorimetrically as well as cryoscopically. For simplification, the
distribution coefficient, k, for the thianaphthene in naphthalene (%t in
solid/%t in liquid) was assumed to be a constant value of 0. 35. That, of

course, for the solid-insoluble impurity would be 0.0. The only apparent
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Flgure 6. Theoretical Freezing Curves for Naphthalenme with 5% Solute.
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difference is the less rapid fall of the curve for the solid soluble impurity.
Since this solute is incorporated partially into the crystal, the concentra-
tion build-up in the liquid is slower and the consequent temperature fall
less rapid.

The upper curve in Figure 6 represents the curve one would
obtain by the melting of a homogeneous solid solution if one could be ob-
tained. (The equivalent of time would, of course, be read from right to
left.) If a cold homogeneous sample were heated through its melting point,
there would be a sharp break at a temperature such as that indicated by the
dotted line, and the temperature would then rise more slowly until the
sample was melted. Recognition of the initial melting temperature is the
basis for the calorimetric method (which we will discuss later) of evalu-
ating solid solution. (However, it would be obviously impossible to obtain
a completely homogeneous solid solution for this evaluation by freezing a
liquid of the same composition.) Note that the other curves on this figure
would not show such a sharp break. Melting would start at the eutectic
(with perhaps a brief plateau) and the temperature would then rise fairly
rapidly, curving gradually into the low slope representative of significant
melting,

Inasmuch as the difference between solid solution and simple
eutectic behavior does not appear obvious from freezing or melting curves,
attempts have been made to clarify the situation by plotting the tempera-
ture against the reciprocal of the fraction of the sample in the liquid form,
Figure 7. Here we find that the plot for a simple eutectic system (no
solid solubility) is essentially linear (at least at the higher temperatures),
and extrapolates to the freezing temperature of the pure solvent, That for
a solid solution system is curved and would not so extrapolate (if extended
linearly). Consequently, many use these criteria for judging the existance

of solid solution. This is a valid technique only if one can precisely eval-
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uate the fraction frozen, and if the liquid solutions are nearly ideal, for

considerable curvature can result from solution nonidealities.

The most reliable way to recognize solid solution is to compare

the experimental cryoscopic constant molal freezing point depression) for

the solute in question with that for other solutes in the same solvent. The
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cryoscopic constant is essentially the slope of the freezing temperature --
composition curve (specifically at infinite dilution), and is usually expres-
sed in mol % solute/degree. Several examples are shown in Figure 8,
Inasmuch as the majority of selutes will be solid-insoluble (at least for
organics), the plot for most solutes can be easily established. Deviations
result from either solid solubility (upper curve) or solute dissociation
(lower curve, not common for organics). Extreme liquid non-idealities,
as for example, solvent-solute association, can produce marked curvature,
though in this case the initial slope of the line, i.e., the cryoscopic constant
at infinite dilution, is unaffected. Extreme positive deviation from Raoult's
Law would produce a similar curvature upward from that plot for most

solutes, but still the initial slope would be the same. No phenomenon other

than solid solution has been found to raise the initial value of the cryo-

scoEic constant.

Figure 9 illustrates how a comparison of the experimental phase

diagram with the "ideal" diagram (or those for other solutes) can disclose
solid solution. The system benzene-cyclohexane is a unique one with solid
solution on only one side. Cyclohexane will not fit in the lattice of slightly
smaller and planer benzene molecules, but benzene is soluble in solid
cyclohexane. The figure represents a comparison of the experimental
data (curve D) with the ideal (curve A, calculated from heats of fusion,
etc.) and curves (B and C) computed with the aid of experimental vapor
pressure data (which permitted the calculation of liquid nonidealities) ex-
trapolated down from 40°C. We need not discuss that work? here, but it
is significant to note that the experimental curve agrees with calculated
curves on the benzene side of the diagram, whereas it does not agree on
the cyclohexane side. Disagreement at finite concentrations is not so
significant, but these curves disagree in their initial slopes at infinite

dilution, Hence, there must be solid solubility. Unfortunately, the
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Figure 9. Calculated vs. Experimental Phase Diagram for
Benzene - Cyclohexane.

magnitude of the deviation does not enable us to evaluate the degree of
solid solubility, i.e., the position of the solidous line, This is dependent
upon the solid phase activity coefficients, and must be determined inde-

pendently. Methods for this will be discussed later in this chapter.

Universal Solid Solubility?

We have discussed thus far two distinct types of systems, those
which involve solid solubility, and those which do not, The philosophical

question regularly arises as to whether the latter type, the simple eutectic
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system can exist at all. Should not all substances exhibit at least some
solubility, however small, in any crystal lattice? There are many who
believe that they should, and a number of writers habitually show, or
apologizeé for not showing, some limited range of solid solution in every
phase diagram. This is particularly common in metallurgy, where ex-
tensive solid solution is to be expected; not so common, however, in the
organic field, where recognizable solid solution is the exception rather
than the rule,

The argument for universal solid solution is based upon the fact
that any component in a system at equilibrium must have the same chemi-
cal potential in all available phases, If it is totally absent from one or
more phases, then it must be concluded that its activity coefficient in that
phase is infinite. There are other, parallel thermodynamic arguments,
However, many authorities in the field interpret the pure crystal as a
separate case where the continuous laws of thermodynamics do not extend.
Riccis, for example, says "Theoretically it is not necessary that the
phase be variable, " and describes how the concept of the phase rule is
modified thereby. Zernike4, in his book, appears to accept the infinite
activity coefficient and does not find any conflict with thermodynamics, A
more recent text by Arnold Reisman5 says, ". . . the setting up of a
boundary of complete solid phase immiscibility represents an idealized
version of nature that, to a lesser or greater degree, . . ., cannot be
realized in practice, "

Can an absolutely pure single component crystal be theoretically
in equilibrium with a binary liquid or not? We are not asking whether we
can actually grow such a perfect crystal, but only whether the pure
crystal might not be more stable thermodynamically than the impure one.
The answer to this question can be related to a yet more fundamental one.

Is a perfect crystal ever more stable thermodynamically than an imperfect
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one, i.e., one containing "Schottky" defects or holes, Figure 10?7 Is the
perfect crystal on the left always more stable than the one with the holes,
regardless of how few holes there are?

It can be seen that the creation of a hole results in a loss of the
binding forces for that site, and accordingly, the energy required to
create the holes is proportional to the number of holes (if non-adjacent).
The entropy of mixing, however, is not proportional, and although it de-
creases as the number of holes decreases, it actually increases on a per-
hole basis. It can be shown by statistical mechanics that a crystal with
some small, but finite, proportion of holes is more stable thermodynami-
cally than the perfect crystalﬁ. This proportion for the xenon crystal, for
example, is 8 x 10-6, or eight vacant sites per million, This would put
the holes about 50 sites apart if evenly spaced. We can question the

validity of the quantitative aspects of such calculations, particularly when
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we consider that our concept of stability must really be relative to the
crystal surface, not the entire bulk. However, the qualitative implication
is clear; a finite number of holes is more stable than none at all.

Now, if holes alone are stable, then holes further stabilized by
the presence of solute molecules will be even more prevalent, for the
binding forces contributed by the solute alleviate to a great degree the
energy required to create the holes, while not affecting the entropy of
mixing. We can say unequivocally that if the solute molecule is physically
smaller than the solvent molecule, there will be some degree of solid
solution, the actual solid solubility depending upon how closely the solute
binding forces simulate those of the solvent, (Indeed, if they are greater,
the distribution coefficient is likely to be greater than unity, i.e., the
solute may show greater solubility in the solid than in the liquid.) Suppose,
however, the solute is larger, and cannot fit a single lattice site. In this
case it must occupy two (or more), and for solid solution to be at all sig-
nificant, it must make up for the binding forces of two (or more) solvent
molecules. Yet, in any case, there must still be some solid solubility.
For if we find a finite probability for individual holes, there must also be a
finite, though much smaller, probability of adjacent hole pairs, pairs which
will be stabilized to some degree by the binding forces of thase solutes,

The above arguments, of course, do not consider other types of
lattice defects or dislocations which can be enhanced by the presence of
solutes or themselves stimulate solute inclusion. These circumstances
would tend to strengthen the argument for universal solid solution.

B. CRYOSCOPY

The determination of the liquidous curves of solid-liquid phase
diagrams is usually best carried out cryoscopically, i.e., by means of
time-temperature freezing or melting diagrams. Typical equipment for

this type of measurement would be as in Figure 11, Lagged heating or
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cooling is carried out through the evacuated double walls of the cryometer
and the sample inside is constantly stirred while its temperature is mea-
sured via a thermocouple, resistance thermometer, or other means.
Extremely precise methods for such measurements were developed by
Rossini et 8.19 who discussed the specialized equipment and precautions

for accurate work. It is not, however, always easy to determine freezing
temperatures precisely, even if all due precautions are taken, because the
nature of the system may be such that equilibrium is hard to achieve and
all measurements are made under conditions of extreme driving forces or
thermal heterogeneity.

Figure 12a illustrates ideal freezing and melting curves, on
which extrapolations, indicated by the dotted lines, permit one to establish
the equilibrium freezing temperature. In theory, that temperature found
by freezing should be identical to that found by melting, Practically, the
necessity for a driving force usually leads to a slightly higher melting
temperature. Figure 12b is an extreme example of the curves resulting
from poor kinetic behavior, The initial supercooling is extreme, and, as
a result of slow crystal growth, the temperature never does recover from
its supercooled condition. The melting curve shows an irregular pattern
due to a different phenomenon, Some substances crystallize readily in
large chunks or as a single sheath on the cryometer wall. Upon melting,
such large crystal cannot be sufficiently mixed into the liquid to provide
thermal homogeniety throughout the sample. Accordingly, the measure-
ments are completely irreproducible and useless. Fortunately, substances
which have poor crystallization kinetics, and which supercool excessively,
usually form many nuclei or seed crystals, thus providing a smooth slurry
from which one can get a decent melting curve. Hence, either one curve
or the other (freezing or melting) will usually be appropriate for cryo-

scopic studies.
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Figure 12. Theoretical (a) and Realistic (b) Freezing and
Melting Curves.

In the past cryoscopic studies were important not only for es-
tablishing phase equilibria, but also for the evaluation of the molar purities
of chemical compounds., Gas chromatography has to a great extent
eliminated cryoscopic analysis as a routine assay technique. However,
some chemicals, e.g., benzene, are still sold on the basis of freezing
point specifications, and cryoscopic analysis is still useful as an occasion-
al means of supplementing chromatographic analysis.

The development of an analytical technique for a given compound
involves first the evaluation of the freezing temperature of the pure com-
pound, Tfo’ and its cryoscopic constant, k. Elaborate techniques8 have
been developed for the former based upon the shape of the freezing curve,
or, more precisely, the differential shape of different parts of the curve,

These techniques presume a true hyperbolic shape to the curve, and are
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very sensitive to slight errors in temperature measurement or to the
effects of liquid nonidealities on curve shape. More practical, though less
mathematically elegant, is the empirical technique of plotting the initial
slopes for curves of several purities against the freezing temperature,

and extrapolating to zero, It is normally argued that this requires more
measurements than does the single curve technique, but one needs several
such determinations anyway to establish the cryoscopic constant,

Figure 13 illustrates how one evaluates the initial slope of the
freezing curve. What is actually used is the slope ratio as illustrated,
since the slope itself is dependent upon the rate of cooling (or heating if a
melting curve is used). Plots of slope ratio vs, freezing temperature are
shown in Figure 14 a, b, and c. Whereas 14a shows a typical such plot, it
must be recognized that not all compounds behave well enough to give the
desired reliability, e.g., 14b. The slope ratio is an excellent parameter
to use in identifying which of two or more possible crystalline modifica-
tions one might obtain in a given experiment, l4c,

Figure 15 illustrates the evaluation of the cryoscopic constant,

To a sample with a freezing temperature of Tf, one can add successive
quantities of a typical solute and obtain a plot of freezing temperature vs,
concentfation. The slope of this line, k', is not itself the cryoscopic con-
stant because the initial sample is not 100 percent pure., If it is assumed
that the initial impurity is approximately the same molecular weight as the
compound in question, a correction can be made as indicated, where Tfo
is the freezing temperature of the pure material estimated from a plot
such as those in Figure 14. Whether one is developing an analytical tech-
nique or establishing a phase diagram, it is well to make measurements as
in Figure 15 with two or more different types of solutes. Any solute which

gives abnormally high results for k is bound to be solid soluble.
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Cryoscopic Anomalies

We have discussed some of the common problems related to the
kinetics of crystallization or diffusion. Occasionally situations arise re-
quiring special explanations, and these can often be observed as variations
in the shapes of cryoscopic curves with freezing or melting rates. Figures

16a and b are two such examples,
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Figure 16a shows freezing and melting curves for a dialkylalumi-
num chloride. Unless the sample is melted quite slowly the melting
temperature is excessively high relative to the freezing temperature.

When ‘it is melted slowly the values are more consistent. This phenomenon
cannot be explained by solid solubility, diffusional kinetics, or even
melting kinetics (i. e., paucity of crystal surface). Rather, it must be the
result of a relatively slow equilibrium reaction occurring in the liquid
state, If the molecule exhibits either disproportionation or association,
and the crystal is formed of only one of the possible species, then the other
species will behave as impurities. Even an uitrapure sample will show a
freezing curve slope ratio typical of an impure sample. As part of the
sample is frozen, however, and the "impurities" concentrated, the equilib-
rium is shifted so that those concentrations are brought back toward their
initial levels. As the sample melts, the equilibrium is shifted once more,
but there now being fewer molecules of "impurity"”, the sample melts
higher than it initially froze, the difference being less the more slowly it

is melted. Note that the rapidity of freezing cannot affect the value of the
measured freezing temperature, although it will have some affect on the
slope ratio. Cryoscopic studies are insufficient to tell us which of the two
(or more) possible reactions is occurring, but in this particular instance,
other evidence suggested the dimerization,

Figure 16b cannot be explained so simply. Here the kinetics of
crystallization are so poor as to make the freezing curve useless, but the
melting temperature and apparent purity increase the more slowly the
sample is melted. Indeed, plotting the melting temperature and slope
ratio vs, the length of time the sample is frozen yields curves as in
Figure 17. This implies a sort of ripening or other phenomenon occurring
in the crystal state. These results were obtained for B-ethylnaphthalene,

and it is known that at least one of its possible impurities, B-vinylnaphtha-
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Figure 17, The Effect of Ageing on Crystals of B -Ethylnaphthalene,

lene, is solid soluble in B-EtN. It is reasonable to expect that if liquid
diffusion is kinetically hindered, the solid solution grown from the system
will contain more solute than it would under true equilibrium conditions,
Upon standing, however, the process of melting and refreezing can occur
to produce a more stable, and hence higher melting, solid phase.

One final example of kinetically affected cryoscopic phenomena
is the propane hydrate system. The phase equilibria are illustrated by the

pressure-temperature diagram of Figure 18a. A composition axis is not
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needed here, because the mutual solubilities of water and propane are §0
low that the presence of any finite quantity of one can be considered suf-
ficient to saturate the other, Above the propane vapor pressure line, any
propane in the system is a liquid; below it is a gas. To the right of the

hydrate crystallization line propane and water both exist mutually saturated

with each other. To the left of this line propane hydrate crystal is stable,
and, given sufficient time, will grow until either all the water or all the
propane is used up. On the line itself, of course, all three phases are in
equilibrium, The intersection of the hydrate crystallization line with the
propane vapor pressure line is a quadruple point at which all four phases,
propane liquid and gas, propane hydrate, and water, can exist in thermo-
dynamic equilibrium. The quadruple temperature is 5. 5°C.

Figure 18b shows freezing and melting curves for the system, the
dashed lines being the theoretical curves one would get if there were no
kinetic barriers and equilibrium could be obtained. At high pressure,
above the propane vapor pressure line, the upper set of curves are
obtained. Crystallization occurs with much supercooling, and the kinetic
barrier in this case is the low solubility of propane in water (or vice
versa), far below the 1/17 mole ratio. Crystallization actually appeared
to take place at the liquid-liquid interface, though the crystals were sub-
sequently dispersed in the aqueous phase. The melting curve, other than
exhibiting the slightly higher temperature suggestive of low heat transfer
relative to the melting rate, is reasonably normal, and the melting tem-
perature is slightly above 5. 5°C,

At low pressure, in the presence of propane gas, the freezing
curve is similar to that at high pressure, exhibiting the same kinetic lag.
It is, of course, lower as predicted by the phase diagram. The melting
curve, however, exhibits an unusual kinetic phenomenon. The crystals

refuse to melt close to the theoretical equilibrium temperature, and sig-
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nificant melting does not occur until near the quadruple temperature of
5.5°C. No physical means, including pressure reduction, would induce
the crystals to melt any lower. The explanation lies in the extremely low
solubility of propane in water., That propane released by the melting of
hydrate supersaturates the aqueous phase and the propane activity or
chemical potential rapidly increases, Its theoretical vapor pressure
would be above the ambient, and it should flash out of solution. But vapor-
ization from a liquid phase can only occur at a vapor-liquid surface or
bubble nucleus. However, the stability of a bubble nucleus decreases with
size, and the quantity of propane per unit volume of water is insufficient to
promote the formation of stable nuclei, in spite of the high chemical poten-
tial. There is, therefore, no mechanism to reduce the chemical potential
and thus promote melting. When the quadruple temperature is reached,
the chemical potential of the propane molecules is so high that agglomera-
tion can occur to give a pseudo-liquid phase which, in turn, provides suf-
ficient propane for stable bubble nuclei. Only then can the propane flash
off to reduce its chemical potential and permit further melting.

Thus, we see that crystallization and even melting are kinetically
regulated phenomena, and process designs or concepts made in the light

of phase equilibria alone are likely to be inadequate.

C. MELT CRYSTALLIZATION SCHEMATICS

The greatest interest in melt crystallization today is for separa-
tion and/or purification in either the laboratory or the plant, Although
solvent crystallization has had a long history of industrial applications,
melt crystallization has lagged somewhat behind, being at present more
useful in the laboratory than the plant, This is presumably related to the
problems of handling systems which can, when out of thermal control,

freeze up completely, or, when melted carelessly, expand with destruc-
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tive force. The low thermal conductivity of solid organics has not been
conducive, either, to the use of such systems. Nevertheless, the recogni-
tion that in most cases there is possible a theoretical distribution coeffi-
cient of nearly zero has prompted a great deal of work in the field, most
of which has been useful in the laboratory, but which has defied scale-up.
It would appear, in fact, that the successful plant operations which can be
classified as melt crystallization were developed independently of labora-
tory processes, and this primarily because of the completely different

thermal conductivity requirements of small and large scale processes.

Zone Refining

It goes without question that the most remarkable development in
laboratory crystallization in the past twenty years was the invention of
zone melting by W. G, Pfann. 9 This technique, though developed specifi-
cally for metals, rapidly found its way into organic systems. We do not
intend to discuss the details of the many zone refining methods here; they
are very effectively described by Pfann, Schildknecht, 10 and others. A
brief description will suffice,

The solid sample, if organic, is contained in a tube, usually
glass, Figure 19. (Metals can be refined in boats or even as self-sus-
taining ingots, but we will concern ourselves only with organics.) One end
of the sample is heated, creating a molten "zone." The heater is then
slowly passed along the length of the tube, with the result that a new
portion of sample melts while solid crystallizes behind the heater. In this
manner the molten zone is passed the full length of sample. Since the
solid crystallizing is theoretically poorer than the liquid from which it is
growing (as in most simple eutectic and solid solution systems) the im-
purities are carried with the molten zone and collect at the final end to

freeze. The beauty of the system is that successive zones can be passed
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through the ingot either consecutively or simultaneously so that extremely
high degrees of purification or solute concentration might ultimately be
achieved. There are limits, of course. The ultimate purification is
related inversely to the zone length, but the purification rate is related
directly to the same zone length. Similarly, while fast rates of zone
travel might be expected to do the job quicker, the slower zone travel
rates give better quality crystal with consequently better purification per
zone pass (particularly for simple eutectic systems).

Zone refining may be carried out vertically or horizontally, al-
though in our own laboratory we prefer an oblique arrangement as in
Figure 19, Rotation of the tube (either continuous or intermittant) pro-
motes mixing within the molten zone, reducing the concentration boundary
layer and improving the separation. Note that the glass tube is free to
slide on the sample retaining plug. This allows safe expansion as the zone
is first melted into the bottom of the sample ingot,

Although laboratory zone refining has been extremely valuable for
the preparation of high purity standards or the concentration of solutes, it
represents a typical example of the difficulty of scaling up laboratory melt
crystallization techniques to plant processes. Figure 20 is a plot of poten-
tial production rate vs. ingot diameter for various zone travel rates,
Present laboratory techniques are limited to ingots less than one inch in
diameter and travel rates below one inch per hour, if decent quality
(i.e., purified) crystal is to be grown. (Much faster rates have recently
been made possible by the inertial agitation techniques of Bolen, Van Es-
sen, and Smit, 1! The tube is rotated alternately clockwise and counter-
clockwise every second with angular accellerations of 1000 revolutions/
secondz, but the energy requirements restrict the technique to very small

tubes.)
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The practical limits to ingot size and zone travel rate are not
dictated exclusively by product quality, but also by the physical impossi-
bility of moving reasonably short, but wide diameter zones at practical
rates, As the heater moves forward and the crystal grows, the heat of
fusion must be removed radially through the solid phase. Because of the
low thermal conductivity of the solid, there is created a well in the center
of the ingot, the depth of which is proportional to the zone travel rate and
to the square of the tube diameter. Figure 21 illustrates how the relative
shape of the crystal face changes with tube diameter for a constant zone
travel rate. The very deep wells created in the larger tubes not only nec-
essitate a greater interzone spacing, but lead to the danger of periodic
"pinching off” and entrapment of liquid. One can reduce the zone travel
velocity to compensate for larger diameters and maintain a given zone
shape. In this case, however, the production rate is proportional only to
the diameter and not its square, Inasmuch as the capacity of the apparatus
of holdup is proportional to the zone volume or diameter cubed, the ratio
of production rate to holdup becomes inversely proportional to the square
of the diameter, an impossible prospect for scale-up.

Obviously other ingot shapes have been suggested, i.e., flat
plates, concentric tubes, etc. Thus far none have proven sufficiently suc-

cessful for scale-up.

Progressive Mode

We should recognize that, whereas the specific technique of zone
melting resists successful scale-up, the inherent schematics of the method
might be applicable to industrially practical forms of melt crystallization,
possibly to unit operations which might be otherwise multi-staged. An
analysis of continuous zone refining schematics led to the concept of the

"progressive" mode!?2 of multi-stage operations. This is illustrated in
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Figure 21, Relative Interface Shapes for Various Tube Diameters
reproduced by permission of The Chemical Rubber

(from Atwood,
Company) .
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Figure 22b, using as an example the unit operation of drum crystallization,
Figure 22a shows the traditional mode of multi-staging with reflux. In this
case the drums, rotating counterclockwise, carry purified crystal to the
left, where it is melted into the next reservoir. Reflux is passed back to
the right, while purified, Pl’ and waste, P2, products are continuously
taken off as shown. In the progressive mode there is no reflux, so that
the charge as a whole moves to the left. Purified product, Pl' is removed
continuously from the left hand drum until such time as it no longer meets
quality specifications, At that time a new reservoir and drum are added
to the left hand end to provide an additional stage of purification. Waste
product, P2, is not collected continuously; rather, the right hand drum is
operated until the last reservoir is nearly empty and of the waste quality
desired for P,. Then the reservoir is emptied and the drum removed, the

2
very next reservoir to the left now becoming the new waste product reser-

P REFLUX REFLUX MODE ?

PROGRESSIVE MODE !
§ R

Figure 22. Reflux and Proggessive Modes of Muitiple Rotary Drum Crystallization

(from Atwood, *“ reproduced by permission of the Am, Inst, Chem. Eng.)
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voir. The feed point is, of course, moved periodically one stage to the
left,

A comparative analysis of the two modes, using the same solute-
solvent distribution coefficient, k, showed that the progressive mode was
twice as efficient, in terms of total required crystal growth per unit of
feed or specification product, as was the reflux mode. This is equivalent
to saying that we need twice as many stages in the reflux mode at equal
drum rates.

The term "progressive"” mode was adopted because the entire
operation essentially progresses along an infinite series of stages, drums
being periodically removed from the right and added to the left. One does
not intend, of course, to physically move drums and reservoirs, The
same effect can be accomplished by appropriate piping and valve control.
However, the sequential order is more obvious if the drums are arranged
in a circle, Figure 23. Here there is a periodic clockwise progression of

feed and take-off points while the drums themselves remain fixed,

—
FEED 7& 7 J N
N L IDLE
B | ioLe R
T CLEAN

our

Figure 23, Circular Form of the Progressive Mode of Rotary
Drum Crystallization (from Atwood, 12 reproduced by permission
of the Am. Inst. Chem. Eng.)
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It must be borne in mind that the comparative superiority of the
progressive mode over the reflux mode is based on the assumption of equal
distribution behavior (i.e., same value of k) and crystal quality, For the
most part this would appear to be a valid assumption. However, it will be
noted that in the progressive mode new crystals are started periodically
on that drum added to the pure product end of the train. In the reflux
mode the same crystals are perpetuated indefinitely. To the extent that
the quality of the crystal being grown is dependent upon that of the prior
layer on which it is being deposited, this may make a difference, reducing
or even reversing the relative efficiencies of the two schemes. This
might depend to a large extent on the particular crystallization technique
chosen (drum crystallization being only a typical example). One specific
laboratory device, for instance, that of C, P. Saylor, 13 has been designed
especially to promote crystal "ripening' with time, Rotation of the
growing (and melting) crystal leads to a situation where initial imperfec-
tions cannot be propagated indefinitely, but are automatically removed
from the melting side. In such an instance it would be expected that the
technique would be far superior in the reflux mode than the progressive
mode, for in the latter the crystals must be destroyed and replaced by
new ones before they have a chance to ripen.

Studies have also been made of other schematic modes of multi-
stage operation, It was found that most of these were essentially hybrids
of progressive and reflux schematics and that their efficiencies lay mid-

way between these two. They will not be enumerated here,

Column Crystallization

The concept of purification by the countercurrent contact of
crystals and liquor has existed for some time. However, it had been

generally recognized that this would not be as effective for solid-liquid

3he



18: 25 30 January 2011

Downl oaded At:

STUDIES IN MELT CRYSTALLIZATION

processes as for liquid-liquid and vapor-liquid schemes because of the
extremely limited diffusion in the crystal state., Molecular interchanges
between the phases cannot freely occur, except possibly with respect to
the crystal surface. Impure crystal, grown from an impure solution,
would be trapped beneath layers of pure crystal, and although it would be
thermodynamically unstable in the presence of highly pure liquor, mole-
cular interchange would be prohibitively slow.

Nevertheless, in 1961, Schildknecht and Vetter'# described a
melt crystallization column in which extremely pure benzene was produced.
The concept of possible solid-liquid interchange, perhaps by simultaneous
melting and refreezing, caught on and numerous investigators entered the
field. A variety of column types were tried in which the crystals were
transported countercurrent to the liquid, either upward or downward, by
means of rotating spirals or screws, or, downward only, by means of
gravity, These devices, when operated continuously at finite reflux, were
either center fed, or end fed, and the analogy with distillation was ever
retained by freezing at one end and melting at the other.

A number of mathematical modeling studies have been made on
these devices, and it has generally been concluded that they are remark-
ably effective for crystal washing, but that little real solid-liquid inter-
change occurs. For simple eutectic systems, the actual crystal grown at
the cold end is effectively pure, though if of poor quality (e. g., dendritic),
that solid will contain trapped liquor. The column crystallizer serves to
remove adhering liquor, but cannot remove that truly trapped. The recent
experimental and mathematical studies of Moyers15 on dense packed,
gravity driven, beds showed this to be essentially the case. The product
quality is that of the crystals as originally grown at the cold end, but very

effectively washed. It would seem then that more attention must be given
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to the crystal growth step itself (and the environment in which the growth
takes place) to obtain the best product.

Studies by Gates and Powerslb

on solid solution systems were
disappointing in terms of effective separation, though these investigators
were able to quite adequately describe mathematically the behavior of the
system. They demonstrated that models incorporating solid state diffu-
sion were completely untenable with reality, and that for those models
involving melting and refreezing with subsequent diffusion from the bound-
ary layer, the mass transfer coefficients corresponding to the experi-
mental results were surprisingly low. Gates and Powers attribute this to
the possible non-uniformity of solute with only the most impure or "active"”
centers of impurity taking part in the interchange. It is quite feasible
that only "active" sites in the surface do take part, though these need not
necessarily be determined by the degree of impurity, but perhaps by the
type of site, This we will discuss further on the last pages of this chapter.

Numerous attempts have been made to scale up the Schildknecht
type of column crystallizer for industrial use, Considerable technical
success has been realized for some of those systems in which the crystal
washing appears to be a critical part, and in which only a few theoretical
stages of rectification were required. Betts, Freeman, and McNeil, 17 for
example, have published studies for a variety of systems on 1" and 2"
conlumns, and report 4-8 theoretical stages with the smaller of these
(HETP of 2-5"). More recent studies by Bet:ts18 on a 4" column indicated
3 stages over a 45" length, Further scale-up, 8" and possibly larger, has
been carried out successfully (e. g., Newton Chambers Engineering
Ltd. 18), though it has not really been established how economical this type
of column will eventually be.

A practical and economical industrial scale column crystallizer

has been developed, however, and this is the UCAL (Union Carbide Aus-
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9 This process, developed for the

tralia, Ltd.) process of J. A, Brode.1
purification of p-dichlorobenzene, cannot only produce a high purity
product, but does so with a remarkably efficient thermal utilization.

The basic schematics are given in Figure 24. Unlike other colum
column crystallizers, in which all solid is grown at one end, crystals are
grown over the entire length of the UCAL column, heat being removed
through the outside. The crystals are tumbled and transported toward the
larger end by the slowly rotating vanes. In the attached purifying section
the crystal product is melted, and some of the melt is refluxed back
countercurrent to the solid. Because the crystallization occurs over the

entire length of the column, the total mass flow is greater at the high

purity than the low purity end; hence the tapered shape, which reflects

REFINING SECTION FEED INLET RECOVERY SECTION RESIDUE
) P+ B 2 OUTLET
(COLD END)

—= R

—-— P+R —_— P

T T
| HEAT REMOVED %

HEAT REMOVED
Y Cs Cy COOLANT

COOLANT INLET
OUTLET

R

P+R

PURIFYING SECTION
3

L A
= HEAT INPUT

P ‘ PRODUCT OUTLET
(HOT END)

Figure 24. The Brode Purifier (UCAL Process), Schematic Form.
(Reproduced from Mech. & Chem. Eng. Trans. of the Institute of
Engineers, Australial9.)
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that difference in flow rates. The conservation of heat (or rather "cold"
in this case) is obtained by passing the low purity product (or a fluid
thermally exchanged with it) through the cooling jacket to promote the
crystallization. Only a minimum of extra refrigeration is thus required.

As might be expected, the slow tumbling of the crystals in the
UCAL column would promote considerable back-mixing of the liquor.
Accordingly, the actual plant design, Figure 25, consists of four units
(plus purifier) of varying diameter, which together constitute a very long
column. Residence time in this column may be up to 16 hours, so that a
high ratio at holdup/throughput is required. However, this is no disad-
vantage as long as the relative heat losses are small and the equipment is
simple.

Specification PDCB of 99. 5 purity is routinely obtained at 88 per-
cent recovery from 75 percent/25 percent para/ortho feed at a reflux ratio
of 0. 25/1. At a reflux ratio of 0. 5/1, however, product quality was in-
creased to 99. 99 percent purity, and at a 2/1 reflux ratio product purity
after only 2.5 hours was found to be greater than 99. 997 percent. At
least 12 hours would be required to achieve steady state, so the ultimate
possible purity obtainable has not really been established.

The UCAL melt crystallization process has certain fundamental
reasons for its success relative to other column crystallizers., Perhaps
most important is that the usual distillation analogy is abandoned and
crystallization is carried out over the entire length instead of at one end.
In this sense it might be considered analogous to the unlagged laboratory
Vigeroux column in which there is no deliberate reflux from the top, though
there is partial condensation (and reflux therefrom) within the column.
The advantages of this are (1) crystal is always grown from as pure a
liquor as possible, thus maximizing crystal quality, and (2) crystal is

grown slowly (over several hours), again maximizing quality, Next in

346



STUDIES IN MELT CRYSTALLIZATION

(* gTETTRBIISTY ¢ sxaautduyg
Jo @3n3TIsul oyl jJo ‘sueay ‘Jud ‘WY) § °YOSW WOIF pIdnpoaday) - IITH MOTIILAQ T®aIsk1) Burmoys
‘Y--X 38 UOF3I0a§ -~ S50a) (q MO\ [[eI9aQ (B {I9TJTINg Ipoag dY3 JO WIO] TeITIDRId °GT 2an31yg

$1 1IUNO 1ONQOHd

-—F—%
e NJ'U =3
6 LNINIT3  ONILVIH (
q € NOILD3S ONIRING T
X 137100 1NvI00D- {
. ) 1
ol 1INN ®  LlINN :
s | - JH-
. o d [ i-fl—o uiam
7
91 YIIM H
201 SLINDV ONINOOD _|i.l
ql 1LINn ¢ :z:|/ M’ 1 1
. - ——— — \
— ) NOILD3IS In\n\xﬂ\\tﬁ
180d NOILO3dSNI ONINIZIY J
qg =€l
X %  wy SHOAINODE | 1~
HOAANOD M3JVHOS L Tusawrs i l-e
C S 9l HI3M
®Z2  LINN - !
9l HIIM  MOT4N¥3A0 WLSAMD S —— 9 13
a3dd
4 \ > U
I ,w ML S1IHIVF ONIMOOD
— 1

€2 LINN

z NOWD3S v@vi

AY3A0O3Y e ¥ It
LTI TETY 21 13N ANVI00D }

Z 137100 IN3INOIWOD 3INAISIH

1102 Alenuer 0g SZ:8T @IV Papeo |uwog

347



18: 25 30 January 2011

Downl oaded At:

ATWOOD

importance is the time permitted for countercurrent solid-liquid contact,
for effective washing, i.e., removal of the boundary layer, is ultimately
dependent upon diffusion, regardless of the degree of solid~liquid shear
achieved by agitational techniques. The slow tumbling of the UCAL crys-
tallizer is sufficient to keep the boundary layer in contact with ever purer
liquid reflux, and the long residence time permits diffusion to do an ef-
ficient washing job.

Remarkably enough, the first prototype plant, a 1500 tons/annum
p-dichlorobenzene unit, was designed full size by its inventor, and did not
result from the scale-up of laboratory or pilot equipment. This fact is
especially significant when one recognizes that the problems of heat trans-
fer and thermal control are of a different magnitude and type than for
small scale operations. Whereas it would not be impossible to design a
laboratory prototype of the UCAL process, it might be extremely difficult
to control, heat transfer to and from the surroundings being most signifi-
cant relative to internal heat flows and causing uneven rates of crystal
growth and possible plugging. Accordingly, had development proceded in
the usual way, complications in the laboratory step might have prevailed
and precluded further scale-up. A recognition of the fundamental differ-
ences between laboratory and industrial process characteristics is essen-
tial when one wishes to pursue developments in either area.

In this specific instance, scale-down was subsequently made to a
pilot unit, and several systems have been studied therein. Extremely pure
products have been obtained for simple eutectic systems, and substantial
success has been obtained even for solid-solutions. For example, studies
with benzene at a 0.75/1 reflux ratio showed a thiophene reduction from
0.05 percent in the feed to 0,01 percent in the product. Similarly,

thianaphthene in naphthalene was reduced from 1,1 percent to 0. 12 percent,
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D. STUDIES OF SOLID SOLUTION

The evaluation of the stage equivalencies of column crystallizers
requires, of course, an accurate knowledge of the true solid-liquid equilib-
ria of the system. The difficulties of making such measurements would*
lead one to suspect that perhaps most of the available data would be in
error. There is little difficulty in establishing the liquidous line (by
thermal analysis), but contrary to classical beliefs, one cannot expect a
thermal break at the solidus line. Such a break would require solid state
diffusion during the freezing process or else continual melting and re-
freezing, melting in an environment of decreasing temperature being
thermodynamically impossible if there is any driving force at all for crys-
tallization. One must rely on calorimetric studies of the melting of homo-
geneous solid solutions (which, as we have pointed out, would be very
difficult to obtain) or the compositional analysis of crystal carefully grown
from the liquor, The former would be expected to give low results (the
initial melting point of the lowest melting of the non-homogeneous crystal),
and the latter would give high results due to entrapped or adhering liquor,
Certain experiments, in fact, indicated that the entrapped liquor would be
greater for the crystallization of solid solution then for a pure (eutectic
forming) component.

Zone refining studies showed that it was quite easy to remove vis-
ibile solutes (such as dyes) from reasonably pure naphthalene. Indeed, it
was also found quite easy to remove such dyes from a eutectic mixture of
naphthalene and p-nitroaniline. Eutectic mixtures are necessarily micro-
crystalline in that both constituents must crystallize simultaneously in
separate crystallites which exclude each other. Interstitial liquor entrap-
ment would be expected to be high, but nevertheless the removal of a red

dye from this system was found to require only a few zone passes. The
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separation of the same red dye from a solid solution of naphthalene with
about 5 percent thianaphthene was in contrast found very difficult,
requiring many more passes and slower crystallization rates. This in-
dicates that solid solutions — at least this one — may be much more
microcrystalline than even eutectic mixtures, and the question naturally
rises as to whether the inclusion of the solute in the solid solvent surface
severely reduces the crystal stability or at least the growth rate. Indeed,
the actual solute in the surface layer may be greater than the equilibrium
value, thus retarding further growth, and the quantity of liquor entrapped
between crystals (and then subsequently frozen) must represent a large
proportion of the total solid.

Consequently it was concluded that solid-solution grown for
analytical study was very likely to show erroneously high solid solubility.
As a result, successful separation of such systems would suggest the
availability of many more stages than a process or its equipment might
actually provide. It was felt essential to develop more reliable techniques
for the evaluation of the degree of solid solution,

0 oxder to reliably use an analytical approach, it becomes essen-
tial to know the degree of liquid entrapment in the growing solid. This can
be estimated by the use of a tracer solute, one which is known not to form
solid solution with the solvent. If we assume the solid to be made of
crystal and entrapped liquor (which freezes subsequent to entrapment), the
concentration of solute in the overall solid, X is a function of that in the
crystal, X and that in the liquor, X .

b'¢ + xc(l-FL), (7)

s - *LFL
where FL is the fraction of entrapped liquor. The true distribution co-
efficient, ke, and the apparent coefficient, ka’ are xc/xL and xs/xb re-

spectively, so that
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ka = FL + ke(l-FL) (8)

and
F = (k,ok )/(1k ) 9)

For a tracer solute, i.e., one not soluble in the crystal, ke =0, and

FL = ka = xs/xL. The tracer thus gives us an estimate of F_, and for

L
other solutes,
k =k -F )/ (1-F) (10)

Experimental studies of the naphthalene-thianaphthene system
were carried out with the apparatus shown schematically in Figure 26,
The sample tube, which consisted of a 10 ml buret squared off at the zero
line, was mounted in a modified Fisher zone refining apparatus. The
motor shown (a standard laboratory stirrer motor) served to permit inter-
mittent rotation of the tube (e.g., 4 sec. on and 2 sec, off alternately) and
thus provide some initial shear at the solid-liquid interface. The usual
zone heaters were replaced by the concentric tube arrangement as shown
so as to permit progressive freezing instead of zone refining. Because the
intermittent rotation did not of itself provide any longitudinal bulk mixing,
a glass rod was introduced into the tube as shown, just the tip of which
when inserted into the sample, induced considerable turbulance and
vertical currents to maintain liquid homogeneity. (Experiments were tried
with the stirrer inserted to within a few millimeters of the interface, using
the optional stirer support so that it rose with the heater. However, this
resulted in a deeply dished interface which froze sporadically, sometimes
trapping considerable liquid.)

In practice, the tube was filled with a liquid naphthalene-thianaph-
thene sample at the desired concentration which also contained as tracer

compounds small amounts of dodecane and diisobutylketone, along with a
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trace of red dye for visual observations of gross entrapment. The sample
was then frozen from the bottom up at a constant rate (typically 0. 28''/hr.)
while the tube was intermittently rotated. When approximately two-thirds
had been frozen, the remaining liquor was drawn off for analysis. The
tube was then sawed into segments and the solid analyzed for its constitu-
ents by gas chromatography.

Figure 27 shows the results for a typical run, the concentration
(log scale) of the constituents for the various solid segments plotted against
the fraction of the frozen ingot. The thianaphthene and tracer levels in
the liquid were obtained by back calculation from the top oil composition
and a mass balance with that appearing in the solid (correcting for the
mass lost in the saw cuts). From the concentrations in the liquid and solid
at the midpoints of the segments, apparent values of the distribution coef-
ficients were calculated. These were corrected for liquor entrapment as
shown in Table I. Note that the actual entrapment was quite small, nor=-
mally less than 1 percent, Entrapment was higher at the beginning than
later on, possibly due to rapid crystallization of supercooled liquid when
the first solid seed was formed. Entrapment also appears to increase with
solute (thianaphthene) concentration in the system as might be expected,
The results are plotted in Figure 28, which shows an apparent increase in
ke with increasing thianaphthene concentration, This, however, was found
to be questionable in the light of additional runs.

Prior to discussing our own results, let us first examine the
available literature data, Figure 29, That of Mastrangelo and Dornte0
was obtained calorimetrically, hence required homogenous solid solution
for evaluation of the solidous line. This was obtained by "quenching" the
liquid in the calorimeter, a process which actually took several r'ninul:es21
and which would have been expected to yield a non-homogenous solid which

would subsequently show an excessively low initial melting point. The data
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of Kravechenko and Pastukhova22 were obtained by thermal analysis.
There is no indication in their paper or its references as to how the
solidous line was recognized.

The dotted line, Figure 29, is our own data, which covers only a
small range of composition, principally because only that range is really
significant for the desulfurization of naphthalene. Figure 30 is a blow-up
of that range showing our individual data points along with the solidous
line of Mastragelo and Dornte (obtained by data points lying outside of the

plot blow-up). Our own results are higher than those of Mastragelo and
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Dornte though not as precise as desired. The difference in the curves is
obviously fnuch greater than the dispersion in our data, however, and can
be considered significant. Our runs were made at three different crystal
growth rates, on the realization that our agitational technique would not
eliminate boundary layer effects entirely, but that an extrapolation of the
data to zero growth rate would do so. Such an extrapolation could not be
made. Figure 31 shows regression curves for the various rates and no
consistent trend appears, certainly not one which would extrapolate all the
way to the Mastragelo and Dornte data.

The question of which data are correct becomes significant if one

wishes to establish the stage efficiency of a crystallizer such as the
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of Figure 30.
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Schildknecht or UCAL variety. For example, the UCAL pilot unit was
able to upgrade naphthlene from 1.1 to 0. 12 wt % thianaphthene at a 0. 5/1
reflux ratio. This corresponds to 1. 3 stages in the purification section if
the literature data are correct, but to three stages if our own data are
correct. This is a factor of six in the rectification, since one stage is
expected in the initial crystal growth. Accordingly, improved techniques
are desirable to eliminate the sources of data variation, One such source,
may be uneven or sporadic crystallizations. Figure 32 shows data
obtained at 0. 15" /hour overall growth rate, The height of the crystal

face varied as shown against a scale attached to the heater (and viewed via
a cathetometer). These data were obtained on an early run without the
outer of the concentric tubes on the heater, and the correlation with room
temperature is not insignificant. Improved screening of the system re-
duced the observable variations to zero, but this does not eliminate the
possiblity of microvariations in growth rate (in the presence of a boundary
layer) affecting the overall results,

A probably superior technique has been used by A, R. McGhie
and G, . Sloan23. In their method, samples enclosed in a sealed tube are
slowly (0. 9mm/hr) lowered through a Bridgeman furnace such that they
are progressively frozen. Simultaneously, tubes with reference samples
are also lowered through the furnace, and the entire group of tubes is
rotated such that they all experience the same environment. The positions
of the interfaces in the reference samples define the thermal gradient in
the system, so that the temperatures of the interfaces in the sample tubes
can be determined. The sample crystals are ultimately analyzed for
solute along their lengths, and solidus concentration can be plotted vs.
temperature directly., This makes the solidous data independent of any
knowledge of the liquid composition and hence it is not affected by the

magnitude of the boundary layer, Actually, the very slow growth rate of
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0.9 mm/hr. minimizes the boundary gradient in spite of no agitation. The
possibility of liquid entrapment still exists however, and combining the
McGhie-Sloan technique with the use of a tracer compound may prove even
more reliable.

It will be noted, Table 1, that the actual liquid inclusion in our
own studies was less than 1%. It had earlier been postulated on the basis
of zone refining studies that solid solution crystals appeared to incorporate
more liquor than crystals grown from simple eutectic systems. To test
this postulate, comparable runs were made with and without thianaphthene
present. It will be noted, Figure 33, that no significant difference was
observed, A second set of runs was then made at a high crystallization
rate and without the initial agitation provided by the oscillatory motion.
Without this shear at the crystal face, the inclusion was gross, up to 50%,
Figure 34. Under these conditions, the inclusion for the solid solution
system was indeed higher, and it was concluded that under conditions which
promote gross inclusion, that inclusion might be greater for solid
solutions, Of course, this has not been generalized by tests with other
solid solution systems.

A final experiment with the apparatus of Figure 26 consisted of
freezing a ingot of solid solution from about 2/3 of the sample charge,
pouring off the liquor, and slowly melting back. This forces the solid to
melt into a liquid with which it cannot possibly be in equilibrium, Con-
sider Figure 35. Let the final crystal surface to freeze be at composition
C and the liquid which was poured away be of composition D. Now as we

melt back, the surface wants to melt at temperature T_ | into liquid D,

bC
but as soon as any actually melts, the liquid is not D, but C, which has a

freezing temperature of T, ,, and from which composition E should crys-

fC
tallize. The prior explanation of the melting of a solid solution by the

formation of a small quantity of net liquid while the whole sample melts
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Figure 34, Effect of Solld Solution on Liquid Occlusion at
High Growth Rates and with Poor Agitatiom.

and refreezes in a leaner (higher melting) composition cannot hold here,
since the sample as a whole is trapped, only the surface being available
for such interchange. Should a second composition (e. g., E) rfefreeze at
the interface as the ingot melted to give liquid of C, then the interface
would appear cloudy. In these experiments it remained clear. According-
ly, it was concluded that the liquid formed (composition C) was stable and

that the interface must have been at the higher temperature, T How

1 {0}
can this be?

One principle worthy of note is that wherever any phase is forced
to convert into another in an nonequilibrium manner, there is built up a

boundary layer of different composition in the phase being so converted.

364



18: 25 30 January 2011

Downl oaded At:

STUDIES IN MELT CRYSTALLIZATION

»!

TEMPERATURE

COMPOSITION B

Figure 35, Diagram to Illustrate Boiling and Freezing Relationships.

If, for example, we quick-freeze a liquid of composition C, solid E starts
to crystallize at temperature ch, but soon a boundary layer of D builds
up, and we crystallize out C at temperature TbC' The sharpness of the
boundary layer is usually inversely proportional to the rate of diffusion in
the phase. Can we possibly build up such a boundary layer in the solid
when we melt? The answer would appear to be yes, and since the rate of
diffusion in the solid is nil, the boundary layer would all be at the surface,
As we know, solid is formed by a mechanism such as screw dis-
location or other means by which sites are formed which can readily
accept new molecules, Such a new molecule will not "sit" on a perfect
surface, the attractive forces on one side alone being insufficient to hold
it, Nor is it likely to find its way into a hole in which the sites on all sides
but one are occupied. Rather it can find its way into, and be held to, a
site already surrounded by two to four occupied sites, an "inside corner"
so to speak. A two dimensional analogy is shown in Figure 36. Wherever

a molecule occupies such an "active" site for growth, another such site is
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Figure 36. 'Imperfect" Solid Solution Crystal, Illustrating
Growth (inside cormer) and Melt (outside corner) Sites.

(Arrows pointing in or out show ability of crystal to accept
or give up molecules respectively. Hole A will not likely

be filled because of exact orilentation required. Molecules
such as B are too stable to leave, but their surfaces alone

do not provide enough attractive forces to hold new molecules.)

created, and growth continues indefinitely. Melting must occur similarly,
Those molecules within the flat surface cannot be the first to leave as they
are bound on too many sides to be unstable, Rather, those molecules
which form "outside corners' are most easily lost, and when one leaves,

a new ''outside corner’ or "active' site is created, Such sites would be
expected to contain solvent and solute molecules in proportion to the over-
all composition of the solid (composition C). However, when melting, the
solute molecules may be less tightly bound and may tend to erode a little
faster. If the liquid contains a sufficiently higher ratio of solute molecules

to set them down at the same rate (e.g., composition D), then we are at
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equilibrium. If, however, the liquid does not contain a higher ratio of
solute molecules (e. g., is composition C), then the ratio of solute to sol-
vent at active sites is decreased (i. e., is of composition E). Thus the
meltable surface, the active sites, are of composition E, while both the
bulk solid and bulk liquid are of composition C. A temperature of ch is
required to erode molecules from these sites faster than they will be filled
from liquid C. Under these conditions, in which the crystal melts to give
liquid C, the active sites remain at composition E, for while the relative
probabilities of uncovering solute and solvent molecules, i.e., changing
them into active sites, is represented by composition C, the solvent mole-
cules are then released slower from these sites.

Thus, in considering melt crystallization, we must think really
not only in terms of solid-liquid equilibria, but rather in terms of active

site-liquid equilibria,
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