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I. INTRODUCTION

The purpose of this paper is to review critically the
considerable quantity of experimental and theoretical
work related to the zone melting of organic compounds.
Because zone melting has been used to purify organic
compounds for only a few years, the entire period will be
covered. During this short period, zone melting has
served to open broad vistas of experimentation and
theory. However, the full impact of the zone melting
method upon advances in the field of organic chemistry
will probably not be fully realized for some time. The
rapid growth of literature in this area indicates increas-~
ing interest and application for this new method. It
will be shown in this review that the utilization of zone
melting for organic materials has already influenced the
thinking of those working with the properties of organic
substances. For example, zone melting has focused
attention on several theoretical problems concerned
with the physical properties of organic compounds as
well as on new uses for ultrapure materials.

Zone melting and related techniques are fundamen-
tally a family of fractionation processes. Although
purification has been its principal concern, numerous
other areas of study have also evolved. Fundamental
differences between the behavior of typical metallic and
organic systems have been discovered by theoretical
investigation. These discoveries are only now being
exploited in practical experimentation. Yet application
of the zone melting results obtained on metals has al-
ready brought forth experimental success in ultra-
purification of pharmaceuticals, primary standards,
organic semiconductors, and materials for single crystal
growth. In a broader sense, these fractionation tech-
niques are capable of concentrating microquantities
of impurities for identification, isolating individual
isomers, resolving polymeric materials into fractions by
molecular weight, and separating and purifying enzymes
and other heat-labile biological substances. A sec-
tion of this paper is specifically devoted to surveying the
need for ultrapure organic materials in order to spur
further efforts to obtain them.

Although a separate section on ultrapurification is in-
cluded and is the principal concern of the zone refining
approach today, the potential of this method lies in its
broad applications as a fractionation process. The
advantages and unique properties of this family of

(1) The work contributed by this author was eupported by the U. S. Air
Force under Contract No. AF04(895)-169.

techniques is clearly emphasized in the applications sec-
tion.

As in many scientific endeavors, experimentation
has preceded theory in the zone melting of organics.
But it is of interest to note that in zone melting, theo-
retical developments have now surpassed empirical work
in some areas and so suggest new areas of experimenta-
tion. It isto these areas that this review is particularly
directed. For example, it is shown that new apparatus
should be developed in order to obtain “ideal thermody-
namic equilibrium conditions.” In addition, experi-
mental confirmation of newly developed zone melting
equations is needed.

Conversely, many of the new techniques related to
zone melting need to be theoretically analyzed. Their
relation to the parent method must not conceal the fact
that they involve new parameters scarcely studied.
Zone precipitation holds particular promise for ultra-
purifying and separating heat-labile organic compounds.
The theoretical aspects of such allied methods are yet
to be born.

A survey of the advantages of the zone melting
method as compared with other ultrapurification tech-
niques has been described in the literature. The char-
acteristics described are those of (a) generality, (b) sen-
sitivity, (c) contamination, (d) efficiency, and (e)
theoretical basis. The outstanding advantage of the
zone melting procedure is that there is no contact be-
tween the compound being purified and any other sol-
vent or chemical. Zone melting and related techniques
may be considered to be the most generally applicable
and efficient way of producing ultrapure organic sub-
stances.

It is emphasized that zone melting and related tech-
niques have potential applications of much broader
scope than only purification. Zone melting, in prin-
ciple, is a general separation technique comparable to
distillation. For example, it may be used for separa-
tion of multicomponent mixtures, although this has not
yvet been widely done. Potential uses include separa-
tion of azeotropic mixtures, separation of mixtures too
heat-sensitive to be distilled, and growth of pure single
crystals. A host of industrial-scale processes and
equipment related to zone melting have been developed
recently.

II. THEORY

A. DEFINITIONS
The redistribution of components in a mixture during
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a phase change is common knowledge to chemists.
A classic example is a solution of water and salt con-
tained in a beaker placed in a Dry Ice bath. As the
outer portions of the solution approach the freezing
temperature, pure ice crystals form on the inner cir-
cumference of the beaker growing slowly toward the
center, while the salt is concentrated in the remaining
water. The movement of the dissolved salt and the
freezing out of pure ice are used to illustrate the phe-
nomena of ‘‘segregation” common to a host of related
purification processes. In this instance, the process is
known as “directional freezing” or ‘‘progressive freez-
ing” (see Fig. 1). Thus ‘“‘segregation” may be de-
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Fig. 1.—Directional or progressive freezing.

fined as the redistribution of a component or compo-
nents of a mixture at an interface during a phase change.
Whereas ‘‘directional freezing”” makes use of the slow
freezing of an entire solution, “zone freezing’” utilizes a
relatively narrow zone of solution in a frozen charge
slowly moving through its entire length (see Fig. 2).
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Fig. 2.—Zone melting (zone freezing for liquids).

The redistribution of impurities occurs at the freezing
interface, while the melting interface continually adds
liquid to the zone. If at room temperature the charge
is solid and a heating unit is used to create the liquid
or melt zone, the process is known as ‘‘zone melting”
(see Fig. 2). Zone melting is also often used as a ge-
neric name designating zone freezing, and other closely
related processes. In solids, the counterpart of ‘“di-
rectional freezing” is ‘‘directional solidification.”
Pfann’s (171) initial development of zone melting for
purposes of ultrapurifying germanium and other semi-
conductor materials has equated the term components
with ¢mpurities. Thus historically the terminology of
this process has evolved from solution chemistry with
emphasis on impurities as the components or solutes.
The segregation phenomenon at the freezing interface
is therefore usually described as a solubility difference
of impurities (solutes) in the liquid and solid phases.
If part of the impurity remains with the solid phase as
the interface moves into the liquid melt, a ‘“‘segregation
coefficient” or ‘“‘distribution coefficient” arises (see
Fig. 3a). This coefficient relates the concentration of
solute in the solid to that of the liquid at the interface.
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Fig. 3.—Typical binary solid-liquid equilibrium phase be-
havior: (a) solid solution with constant distribution coefficient
k; (b) simple eutectic system; (c) solid solution with variable
distribution coefficient; (d) partial solid solution with eutectic
point.

The concept of “solid solution” developed by Bruni in
1901 (35) has been logically considered the basis for
such definitions.

Although this terminology has been widely accepted,
and in many instances found to be useful (81), dangers
attending indiscriminant use of the term “solid solu-
tion”” will become more apparent as various attempts at
exploring segregation phenomena are described. The
alternative use of the term “components” for “sol-
utes”” and adherence to a distribution process rather than
a solubility process may ultimately yield a clearer ex-
planation of how impurities segregate at the freezing
interface of organic compounds. For an understanding
of segregation phenomena in zone melting, it is essen-
tial to consider first the behavior of the major com-
ponent and its impurities as described by their phase
diagrams; and second, the conditions under which zone
melting is carried out.

B. PHASE DIAGRAMS

The theoretical principles of phase diagrams have
changed little from White’s classic investigation in 1920
(269). Well summarized by Findlay (69), there are two
basic types of phase diagrams: those describing eutectic
mixtures (see Fig. 3b) and those related to solid solu-
tions (see Fig. 3a,c). Nearly all of the binary organic
systems appear to be of the simple eutectic type. All
other phase diagrams may be constructed as modifica-
tions or combinations of these two (69) as illustrated
by Fig. 3d. Most theoretical treatments of zone melt-
ing start with an analysis of these diagrams (163). Al-
though in actual practice impurities are usually mul-
tiple in number and unknown in identity, phase dia-
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grams are usually constructed for known binary mix-
tures. Thus the reader must constantly keep in mind
that to apply these diagrams to actual zone melting
phenomena, a number of extrapolations are necessary.

In a eutectic mixture (see Fig. 3b) as the temperature
falls, the major component will crystallize out pure
as the impurity (in a binary mixture) collects in the re-
maining liquid. This continues until the eutectic com-
position is reached at the freezing interface, at which
time both the major component and the impurity crys-
tallize out together. The exact mechanism by which a
eutectic-forming mixture is zone melted was theo-
retically derived by Wilcox (270, 274, 275, 277). The
major component crystallizes out 1009, pure during the
initial stages of the zone melting of a eutectic-forming
mixture only under “ideal conditions.”” The control of
the necessary variables for “ideal conditions’ was theo-
retically derived by Friedenberg (76). His analysis of
‘“ideal conditions’ related thermodynamic equilibrium
at the freezing interface to segregation phenomena. It
was concluded that ‘‘ideal conditions” require a tem-
perature gradient of 0.100 to 0.010°/mm. with a zone
travel rate on the order of 5 X 101 to 1 X 10~ cm./
hr. With the boundary temperature sharp and the
growth rate slow (due to the similarly slow movement
of the zone), the impurities have sufficient time to be
transported into the bulk of the molten zone without
occlusion. With mechanical stirring of the zone this
mass transfer of impurity is facilitated. Experimental
studies by Higuchi and Simonelli (224, 225) with
methyl stearate and other organic compounds tend to
confirm this point of view. Their investigations were
primarily concerned with volume effects in dilatometry
in the growth of interfaces under thermodynamic equi-
librium conditions. Although the nomenclature of
dilatometry is quite different from zone melting, their
point of view is consistent.

In practice, although instrumentation for such control
is available, the complete segregation of impurity at the
freezing interface in zone melting has not been accom-
plished. It is also to be noted that with this type of
phase diagram, the impurity lowers the melting point
in all cases (69).

In solid solutions, the circumstances of segregation of
the second component or impurity are very different.
The impurity may either raise or lower the melting
point, and a few such isolated organic systems have
been studied. Further, segregation coefficients are
necessary to describe the impurity distribution at the
freezing interface. If the phase diagram is known, the
distribution coefficient can be obtained directly from the
slopes of the liquidus and solidus curves. However,
caution must be used in applying such information di-
rectly to zone melting practice. As described more
fully later in this section, the conditions during zone
melting may alter the constancy of the segregation co-

efficient considerably. Theoretically, only by extrap-
olating to “ideal conditions” can one obtain the re-
sults expressed by the solid solution phase diagram.
Only the extreme ends of the phase diagram are con-
sidered if ultrapurity is the objective (100). It should
also be noted that for concentrated mixtures the equilib-
rium segregation coefficient is a function of concentra-
tion.

The thermodynamic aspects of these two types of
phase diagrams have been sparsely studied. In treat-
ing ideal substances under equilibrium conditions, no
thermodynamic explanation can be given for the dif-
ference in formation of a eutectic mixture or solid solu-
tion. Some explanations at the molecular level have
been set forth but generally of a qualitative nature lack-
ing rigor and principles (43, 69, 140, 220, 253).

Theoretical studies dealing with phase diagrams in
zone melting rarely discuss the conditions and methods
used to determine these diagrams (100, 163, 171), With
the advent of more refined instrumentation for thermal
analysis measurements (76, 224, 225), it may be possible
to show that many hitherto considered solid solutions
behave as eutectics under more rigorously controlled
conditions. The application of zone melting to deter-
mine the phase diagram (the converse of the subject
discussed here) is treated in section IV.

C. MASS TRANSFER

1. Role of Mass Transfer in Zone Melting

Although the phase diagram is very important in zone
melting, it determines only the relationship between the
solid concentration and liquid concentration at the
freezing interface. The degree of separation attained
in zone melting is determined, however, by the relation-
ship between the solid concentration and the concen-
tration of the bulk zone. Hence the success of a zone
melting operation depends strongly on the effectiveness
of mass transfer between liquid at the freezing inter-
face and in the bulk zone, as well as on the phase dia-
gram of the mixture. This mass transfer is aided by
mixing in the zone and hindered by the net flow of ma-
terial towards the freezing interface. The flow of ma-
terial through the zone leads to a dependence of the sep-
aration on the zone travel rate.

2. Solute Segregation Problems

The ultimate goal of zone melting theory is the
ability to predict from basic principles or empirical
correlations the concentration profile which would re-
sult from any number of zone passes of any mixture.
The degree to which this has been attained is shown in
Table I. All mathematical solutions obtained thus far
have been for binary mixtures.

The first step to obtain such concentration profiles is
to calculate the profile resulting from a single zone pass
of an infinitely long charge. Related to this is the
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TapLE I
SOLUTIONS TO SOLUTE REDISTRIBUTION PROBLEMS IN ZONE MELTING

Phase diagram?

Constant distribution
coefficient (Fig. 3a)

Simple eutectic-forming
system (Fig. 3b)

—— Liquid mixin

Incom- Com-
Complete plete Nons plete
Single pass, semi- 102,166, (171), 44, (171), 270,274 275
infinite rod (251), 270 (251), 270
Semi-infinite zone 171) b 22,109, 275
(progressive freezing, 133, 146,
infinite charge) 232, 248
End condition (pro- 102, (171), 251 b 232 275
gressive freezing,
finite charge)
Multipass, semi-infinite 40, 102, 119, b
rod 131, 149,
(171), 187
Multipaes, finite rod 28, 42, (171) b
TUltimate dietribution, 34, 41, 42, 58, 102
finite rod 102,119,171

Variable distribution
coefficient (Fig. 3¢)

Limited solid solubility
(Fig. 3d)

Liguid mixing—— ~————TLiquid mixing——— —~——Liquid mixing———

Incom- Com- Incom- Com- Incom-
plete None plete plete None plete plete None
275 270,274, 102, 114, 275 102, 275 275
277 (251),
275
275 276 275 275 275 275
275 102,275 275 102,275 275
102 102

@ Numbers refer to references where solutions are derived. Numbers in parentheses refer to references in which solutions are merely
given. ? The solutions for incomplete mixing are found by substituting the effective distribution coefficient for the distribution coef-

ficient appearing in the results for complete mixing.

problem of infinite progressive freezing, which cor-
responds to an infinite zone size. Next it is necessary
to correct for the end conditions in zone melting of a
finite rod. It is actually simpler to obtain the ultimate
distribution than the one resulting from any number
of zone passes. The ultimate distribution is defined as
that which does not change by passage of another zone.
The available theoretical solutions to these problems
for various conditions of liquid mixing and for various
phase diagrams are discussed in the following sections.
In general the reader is referred to the references listed
in Table I for detailed derivations and equations.

3. Assumptions

In order to solve the above problems the following
assumptions have been made:

a. Constant zone size

b. Constant zone travel rate

¢. Constant and equal cross-sectional area in solid and zone

d. Constant density in solid and in liquid (some derivations
have assumed equal solid and liquid densities and some
have not)

e. Uniform initial concentration

f. Equilibrium (according to phase diagram) at freezing inter-

face

g. Planar freezing interface

h. Constant diffusion coefficient in melt

i. No diffusion in solid

No doubt in the future the effect of removing some of
these conditions will be investigated. Pfann, for ex-
ample, has recently discussed situations in which zone
and solid have different cross-sectional areas (175).

4. Classes of Liquid Mizing

The degree of mixing in the molten zone greatly af-
fects mass transfer rates and thereby the separation
attained by zone melting. For convenience, liquid

mixing has been divided into three classes. First is
complete mixing—the concentration in the zone is com-
pletely uniform. This occurs either with very slow
zone travel rates or with large amounts of forced con-
vection. Theoretical solutions to segregation problems
are much simpler for complete mixing, and represent the
optimum separation that can be attained under any
given coudition. No dependence on zone travel rate is
predicted.

Second, at the other end of the spectrum is the case of
no mixing in the zone—mass transfer is by diffusion
alone. This would be expected to occur only in very
small capillaries—microzone refining. When no mix-
ing occurs, the separation is the least that can be ex-
pected under the assumptions outlined above. The
separation is predicted to depend on zone travel rate.

The third class falls in between the above two ex-
tremes and corresponds to the usual experimental
conditions in zone melting of organics. When the
zone is insufficiently mixed, the concentration in the
molten zone is not uniform and the separation is de-
pendent on the zone travel rate. For convenience this
is called incomplete liquid mixing. In order to treat
this case theoretically, a boundary-layer approach was
suggested by Burton, Prim, and Slichter (44). It is as-
sumed that the bulk of the zone is well mixed and uni-
form. Near the freezing interface a stagnant bound-
ary layer resides in which no mixing occurs. The
thickness of this boundary layer then becomes a basic
parameter in the theoretical treatments. Techniques
for estimating the boundary-layer thickness were de-
veloped by Wilcox for free-convection mixing conditions
(270, 273).

An objection to the boundary-layer approach is that
the boundary-layer thickness probably varies slightly
with the zone travel rate. The difficulty is that there is
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a uniform flux of fluid through the boundary layer in
zone melting. The quantitative effect of this flux on
the boundary-layer thickness cannot presently be pre-
dicted, either theoretically or empirically. The great
strength of the boundary-layer treatment is that it has
successfully explained many zone melting experimental
results.

5. Complete Solid Solutions

As seen in Table I, the majority of theoretical treat-
ments have been made assuming a constant distribu-
tion coeflicient. This is partly because such solutions
are easier to find and partly for historical reasons.
Early zone refining work was done on high-purity semi-
conductors and metals, for which the distribution coef-
ficient is usually constant.

For the more complex case of variable distribution
coefficient, comparatively little has been done.

6. Simple Eutectic-Forming Systems

For complete mixing the solute redistribution, result-
ing from zone melting a eutectic-forming mixture, may
be arrived at easily. According to the phase diagram,
Fig. 3b, material will come out completely pure while
the zone concentration builds up to the eutectic com-
position. When the eutectic point is reached, the
original composition then solidifies out to give a step-
function concentration profile. The length L, of
purified material is easily found by a material balance
between it and the zone to be

- 12106

where L is the length of the zone, w, is the eutectic com-
position in weight fraction,? w; is the original composi-
tion in weight fraction, and ps, ps are liquid and solid
densities, respectively. For multiple passes of a long
rod, it is clear that each pass will leave behind an addi-
tional length L, of purified material. For a finite rod,
the ultimate concentration profile would be a region at
the head end of pure material and a region at the tail
end of material of eutectic composition. A plot of the
concentration profiles from repeated zone passes of a
hypothetical material is given in Fig. 4. The relative
sizes of the two regions would be given by the elemen-
tary material balance requirement that the solute re-
moved from the head end must be found in the tail end.
The most interesting thing about this result is that the
ultimate distribution shows no dependence on zone
size, contrary to the results for materials with a con-
stant distribution coefficient in which smaller zones give
higher separations. Only the rate of approach to the
ultimate distribution is influenced by zone size—the
rate being larger for larger zones. In fact, progressive

(Eq. 1)

(2) Although weight fractione eeem to be the preferred units for zone
melting theory, other units may be used with suitable precautions (175).
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Fig. 4—Calculated concentrated profiles for repeated zone
melting of a concentrated eutectic-forming mixture, assuming
thermodynamic equilibrium (complete mixing) between freezing
interface and bulk zone with w, = 5.

freezing should give the ultimate distribution in one
step, if the assumptions outlined earlier are all valid.

Calculation of the solute redistribution resulting from
zone melting with no mixing in the melt is considerably
more complex than with complete mixing. Even
specification of the boundary condition at the freezing
interface is uncertain. This is because a solid con-
sisting of two insoluble phases consists of intermixed
but discrete microcrystals of the two phases. The
exact effect of this secondary diffusion on the primary
diffusion from freezing interface to bulk zone cannot
readily be calculated. Therefore, in order to calculate
the mass transfer in the zone, the secondary diffusion is
neglected.

As a consequence of nonmixing of the melt, the tran-
sition from pure product to initial composition is not a
step function as it is for perfect mixing. Instead, it is
an approximately exponential increase to the initial
composition. This fact is illustrated in Fig. 5 where
the concentration profile is compared with the predic-
tion for complete mixing. The parameters are as-
sumed to be wy = 0.1, we = 04, L = 1cem,, D = 0.1
em.?/hr., V = 1 cm./hr., ps = p1.

After a zone has moved far down a long charge, the
concentration profile in the zone itself is given by

(270, 274)
- 1) ew(-15;) ]

w-—wol:1+(

where w is the weight fraction at 2, the distance from
the freezing interface.

Integrating Eq. 2 over the zone gives an average zone
concentration w; of

j;Lwdz _

L

wfi 2o ) - (2] @

(Eq. 2)

w, =
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Fig. 5.—Calculated concentrated profiles resulting from a
single zone pass of a mixture with wy = 0.1, w, = 0.4, and L =
1 cm. The profile for complete mixing of the molten zone is
compared with that for no mixing with D = 0.1 ¢m.?/hr. and
V = 1 em./hr.

This means that each zone moving along a semi-in-
finite charge will carry along with it

Q = Le(wn — wo) = V%!(wl - wo)[l - eXP(—ég—;—’)]

(Eq. 4)

quantity of impurity for each zone pass per unit cross-
sectional area. This is very similar to that found for
complete mixing, except that the quantity moved is less.
Although the ultimate concentration profile in a finite
rod has not been calculated for no mixing in the zone,
it may be approximated as follows: the same procedure
as for complete liquid mixing is used, except that w,; as
given by Eq. 3 is employed for the tail concentration
instead of w,. The transition from pure material to
w; will of course be smeared out somewhat instead of
sharp as with complete mixing. The relative sharp-
ness should be greater as the parameter LV/D de-
creases, approaching complete mixing for LV /D < 0.1.

A similar treatment has been made using the bound-
ary-layer approach. The results are, as might be ex-
pected, intermediate between the above two cases.
The average zone concentration after moving through a
long charge is (270, 277)

o <+ (=) ol 52

where & is the boundary-layer thickness. Conse-
quently, the impurity per unit cross-sectional area
moved with the zone is

(Eq. 5)

Q = Lo — uo) exp( -5 2) (Eq. 6)

Estimation of the ultimate distribution is identical with
that for no liquid mixing, only w. is given by Eq. 5.

An interesting sidelight at this point is the structure
of a solid frozen under the above conditions. Con-
siderable experimental data have recently been ob-

tained on the structures of metal mixtures solidified
from melts of eutectic composition (46-49, 54, 110,
122-125, 158, 239, 283, 292, 294). The structures often
consisted either of filaments of one compound in a ma-
trix of the other, or alternate planar layers, called
“lamellar,” of the two components. No comparable
work has been done on structures resulting from solidi-
fying organic eutectic mixtures. Tiller has developed
a theory predicting the interlamellar spacing to be pro-
portional to the inverse square root of the solidifica-
tion rate (246). This has beeu generally borne out by
the experiments. No theoretical work has been
done on solidification of mixtures which are not at the
eutectic concentration, such as are found in zone melt-
ing.

7. Constitutional Subcooling

Of the assumptions made in obtaining the foregoing
solutions to solute redistribution problems, the assump-
tion of a planar freezing interface is the most trouble-
some. In actual fact the interface is quite often not
planar, but rough or even composed of multiple den-
drites or needles. The rough interface formed during
rapid solidification of organies is shown vividly in a
motion picture by Thomas and Westwater (241, 242,
268). The cause of a rough freezing interface has been
shown to be a phenomenon known as constitutional
subcooling (106, 154, 176, 194, 241-245, 247, 262, 268,
284). The source of this phenomenocn is an interaction
between solute segregation and the temperature gradi-
ent at the freezing interface. Near the freezing inter-
face the temperature falls nearly linearly with distance.
The concentration of the component rejected at the
freezing interface falls approximately exponentially
with distance. Because of this, the melting point of
the material increases with distance as shown in Fig. 6.
Under certain conditions the imposed temperature will
actually fall below the melting point in a region near
the freezing interface, as shown in Fig. 6. The melt in
this region is said to be constitutionally subcooled. It
is unstable with respect to perturbations of the shape of
the solid-liquid interface. This phenomenon has been
analyzed theoretically for mixtures with a constant dis-
tribution coefficient (27,111, 244). The theoretical pre-
dictions have been strikingly confirmed by experimental
work on inorganic systems (16, 17, 59, 106, 120, 154,
176, 194, 245, 262, 284). Although comparable work
has not yet been done on eutectic-forming systems or
on organic compounds, the following qualitative results
for constant distribution coefficient should carry over.
For low subcoolings a cellular interface is formed. At
higher subcoolings the interface progressively breaks
down until it consists of dendrites or needles. The
rougher the interface, of course, the more that mass
transfer is hindered and so the more impurity solidifies
out. Portions of the melt are even occluded when the
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Fig. 6.—Constitutional subcooling.

interface is dendritic. Constitutional subcooling in-
creases as (1) the zone travel rate increases; (2) the
imposed temperature gradient decreases; (3) the
general impurity level rises; (4) the degree of segrega-
tion, according to the phase diagram, decreases; (5)
the dependence of melting point on composition in-
creases.

Unfortunately, the quantitative effect of constitu-
tional subcooling on mass transfer in the zone cannot yet
be predicted—not even for mixtures with a constant
distribution coefficient. A start in that direction has
been made, however, by Tiller (249) and by Kramer
(126).

Constitutional subcooling has also been thought to
give rise to a periodic freezing phenomenon at the
freezing interface (228, 255, 270). As segregation pro-
ceeds in a zone refining operation, the constitutional
subcooling gradually increases. It is imagined that
the subcooled layer finally reaches the point where
nucleation occurs in it. When this happens, the whole
layer rapidly freezes out, trapping considerable quanti-
ties of the rejected component in the process. This
periodic freezing would lead to a periodic banding, or
“striations,” in the resulting solid. Although such
“striations’’ are a common occurrence in solidification
andindeed in single crystals grown by several techniques,
they may often be attributed to causes other than con-
stitutional subcooling. Indeed it has not yet been
proven that a periodic process as described above ever
oceurs.

8. Coring

Zone melting techniques are sometimes used either
to grow or to purify single crystals. In the growth of
single crystals from a melt, a phenomenon called ““cor-
ing”’ sometimes occurs. This happens when the freez-

ing interface is concave into the solid because of heat
transfer effects. If heat transfer alone were operating,
this interface would be smooth. Because a single
crystal is involved, however, the interface sometimes
develops facets. On the edges the facets grow in the
direction of zone travel. In the center, however, the
growth is primarily one of growth of facets from the out-
side inward—perpendicular to the zone travel direction.
From purely geometric considerations, it is seen that
the rate of movement of the facets is actually much
faster in the center than on the edge of the crystal.
Because impurities are trapped more readily with
higher growth rates, the impurity content is much
higher in the center of the crystal than on the edges—
a ‘“core’ of high impurity content is found. This
phenomenon has been observed so far only with in-
organie crystals (5, 15, 62, 157). It would, however,
also be expected in the growth of organic crystals. A
theoretical treatment of this effect for mixtures with a.
constant distribution coeflicient has been made by Trai-
nor (252). Similar, but less regular and predictable
phenomena would be expected for polycrystalline ma-
terials, particularly with high purity materials, for
which the size of the crystallites tends to become quite
large.

9. Surface Adsorption

Hall and others have proposed a surface adsorption
mechanism to explain anisotropic segregation in the
growth of single crystals (15, 92). In this mechanism,
impurity is assumed to be adsorbed in relatively large
amounts on the freezing interface. It is then covered
up by new layers of solid before it has a chanceto diffuse
away and reach its bulk equilibrium value (according to
the phase diagram). Such a mechanism leads to a de~
pendence of purification on zone travel rate. The
degree of adsorption would depend, unfortunately, on
the nature of the impurity and the crystal and so is not.
predictable at present. Intuitively, it would seem to be
arelatively larger effect at very low impurity concentra-
tions such as occurs in ultrapurification.

It should be noted that anisotropic segregation could
alternatively be explained by the coring effect de-
scribed in the previous section. Conversely, the cor-
ing results could probably be explained by anisotropic
impurity adsorption.

10. Experimental Segregation Data for Organic
Compounds

Few measurements of concentration profiles of zone
melted organic materials have been made (12, 113, 144,
193, 236, 270, 273). The few results (113, 144, 236, 270,
273) on binary eutectic-forming organic systems may
be summarized as follows. Although the over-all sep-
aration can be correlated on the basis of the boundary-
layer treatment, the concentration profiles are vastly
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different from any of those expected for a eutectic-form-
ing mixture. The break from pure material occursmuch
sooner and is much more gradual than predicted. Con-
stitutional subcooling is believed responsible.

Because many passes are necessary to prepare highly
pure organic compounds, instead of the ideal single
pass predicted for simple eutectic-forming systems,
use of an effective distribution coefficient has sometimes
been proposed (102, 118, 208). The justification for
this is that the amount of impurity trapping is expected
to increase with the impurity content of the melt. If
the increase is assumed proportional, then the propor-
tionality constant would be an effective distribution co-
efficient. Two flaws in this approach are readily ap-
parent. First, the experimental concentration pro-
files generally do not correspond to a constant effec-
tive distribution coefficient. Second, the -effective
distribution coefficient is not predictable and should be
a function of all the things that constitutional subcool-
ing depends on and perhaps more. Dependence on the
over-all impurity level would make any prediction of
an ultimate distribution impossible.

It is clear from the foregoing that much experimental
and theoretical work remains before solute segregation
in zone melting of eutectic-forming organic mixtures is
fully understood and capable of confident prediction.

III. ULTRAPURITY AND ULTRAPURIFICATION

A. DEFINITIONS AND NEED

Definitions of purity have been considered from three
points of view in the literature: (a) idealized concepts
of purity expressed in physical chemical terms, (b)
analytical aspects used to determine purity, (c) the puri-
fication precess itself. To illustrate, one may define
an idealized pure substance (a) in terms of the phase
rule by the singleness of an ‘‘entity’”’ or ‘“‘chemical
species,” (b) by some ‘““‘absolute’’ measure of the phys-
ical properties of a pure substance as determined by
one of several analytical methods (thermal analysis,
gas-liquid chromatography, phase solubility method,
ete.), and (c) by the repeated purification process itself
until further purification yields fractions whose proper-
ties signal no detectable change. A number of ex-
cellent reviews may be consulted for more detailed
descriptions of these concepts (67, 68, 134, 266).

Ultrapurity, as distinguished from purity, may be
considered as an extension of any one or combination
of these points of view into the microregion of impuri-
ties.

The application of these points of view to zone melted
organic materials has been limited. There are three
factors which have deterred the progress of such stud-
ies: (a) the inherent difficulties involved in the con-
version of the results of one analytical technique to the
units used in another, (b) the advent of new instrumen-

tal methods capable of analyzing impurities in the parts
per million region only in the past decade (discussed
in part B), (c) a lack of collated data on the effects of
trace quantities of impurities in organic substances.

The use of several systems of units to measure im-
purities in the microregion has made it difficult to as-
sess the validity of such ultrapurity studies. For ex-
ample, thermal analysis and other cryoscopic methods
yield quantities in terms of mole per cent of total im-
purities. If the identify of impurities is unknown and
the mole fraction depends upon the molecular weights
of the impurities and the major component, the conver-
sion to weight per cent or parts per million of impurities
is not possible. Thus it can be readily shown that if
impurities have proportionately large molecular weights,
small mole per cents may represent large weight per
cents of impurities. Since the National Bureau of
Standards and other laboratories have adopted mole
per cent as the standard measure for impurities, one
may well question if other methods are not more de-
sirable.

The question of what constitutes the limits of ultra-
purity has only been sparsely studied. Herington
points out that samples of organic compounds purer
than 99.99 mole 9, are uncommon. For convenience
a special nomenclature has been developed dealing
with such quantities, illustrated as follows. For ex-
ample, “three-nine purity”’ indicates not less than
99.99, pure while 4N indicates 99.999,.

Definitions of ultrapurity based on intended use may
well serve in the limiting process. For example, the
requirements of chemical standards, of organic elec-
tronic materials, or of pharmaceutical and biological
compounds, may serve as guideposts to the necessary
lower limits of impurities.

It follows that ultrapurity may be distinguished from
purity by orders of magnitude greater than that com-
monly called “purification.”” The need for organic
materials whose contaminants have orders of magnitude
in the parts per million range (p.p.m.) (500 p.p.m. as the
arbitrary upper limit of ultrapurity) is described in the
following subsections.

1. The Need for Ultrapure Physical-Chemical Organic
Standards

A number of investigations have recently appeared in
the literature which make use of zone melted organic
materials to study the physical and chemical properties
of highly purified substances. Unfortunately, these
studies rarely give purity assays but assume contami-
nants in the parts per million region when the organic
has been zoune refined. Sulfones (135) and sulfoxides
(136) have been zone refined for thermochemical stud-
ies. The solidification kinetics of zone refined benzene
has been studied (108). Ball, Ferrin, and Helm used
zone melting to provide pure spectroscopic reference
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compounds (12-14). Zone melting has also provided
many pure compounds for increasingly accurate melt-
ing point data.

2. The Need for Ultrapure Electronic Materials

Many electronic properties of organic materials are
extremely sensitive to trace contaminants. Because
of this, anthracene (128), naphthalene (219), and sexi-
phenyl (159), to be used in scintillation counters, have
been zone refined. Anthracene has been purified for
studies of photocarrier generation (105). Organic
compounds have also been ultrapurified by zone melting
for semiconductor research (22-24, 161). Zone re-
fined dimethyl terephthalate has also been used in at-
tempts to fabricate organic lasers (160). Biphenyl
and deuterated naphthalene have been zone refined for
use in resonance studies (energy transfer involving
triplet states) (278).

3. Use of Ultrapure Compounds for Single Crystal
Growth

Single crystals of appreciable size can easily be grown
only by solidification of high purity materials. Conse-
quently, anthracene (105, 223) and biphenyl (278)
have been zone refined prior to the growth of single
crystals.

4. The Need for Ultrapure Pharmaceuticals and
Biological Preparations

Prior to distribution of a new drug for clinical test-
ing in man, present Food and Drug Administration
regulations require the identification of the methods,
facilities, and controls used for manufacturing, process-
ing, and packaging the new drug to establish and main-
tain appropriate standards of identity, strength, qual-
ity, and purity (148). No definition is provided for the
term purity. However, pharmaceutical preparations
and chemicals used in their preparation invariably
contain impurities originating from the starting ma-
terial, be it natural or synthetic, or from in vitro degra-
dation processes.

The need for ultrapurification of pharmaceutical
preparations depends, in great measure, both on the
agent and its intended use, 7.e., use as a therapeutic
agent or as a reference standard. These two uses will
be discussed separately as their requirements differ con-
siderably.

a. Ultrapurification of Therapeutic Agents

The near complete removal of impurities as would be
achieved by ultrapurification techniques is not always
required for a large number of pharmaceutical agents.
Iixtensive clinical use of many agents containing trace
amounts of impurities has demonstrated that the pres-
ence of the impurity may affect neither the pharma-
cologic nor toxicologic action of the active agent. How-

ever, the “United States Pharmacopeia” (U.S.P.), the
official book that provides standards of purity and
potency for established drugs, describes the limits of
contaminants for official medicinal agents.

For many agents, minimum degrees of purity are es-
tablished in terms of ash content, heavy metals, ar-
senic, sulfate, chloride, as well as iron, lead, and copper,
specifically. These impurities are limited in concentra-
tions of parts per million (p.p.m.), the range in which
ultrapurification techniques are uniquely applicable.
The list of impurities recorded in the U.S.P. generally is
compiled from knowledge of the raw materials used, the
method of manufacture, and the product stability (21).
Thus, chemicals known to contain lead or iron would be
expected to contain traces of these contaminants.
Reagents, solvents, and reaction vessels used during the
manufacturing process are certain to add traces of such
impurities as calcium, iron, magnesium, lead, sodium,
and chloride. Such light-sensitive agents as (a) diethyl
ether may give rise to peroxides and irritating alde-
hydes; (b) chloroform yields the highly toxic lung irri-
tant phosgene which is capable of causing death from
pulmonary edema in concentrations as low as 100 p.p.m. ;
(c) the basal anesthetic tribromethanol oxidizes to an
irritant hydrobromic acid and dibromacetaldehyde;
(d) the hypnotic paraldehyde decomposes to acetalde-
hyde and acetic acid (4).

Naturally occurring medicinals may be contaminated
with substances so structurally similar as to make puri-
fication quite difficult. Thus, the amine alkaloid
ergonovine, useful as a highly effective oxytocic agent
in obstetrics, may contain amino acid alkaloids ergo-
toxine or ergotamine which have strong adrenergic
blocking activity (261). Similarly, codeine (methyl-
morphine) may be contaminated with traces of mor-
phine, and the cardioactive glycoside ouabain (g-
strophanthin) may have k-strophanthin. Although
it is probable that the contaminants that may form in
the anesthetics mentioned may alter their toxicity, it is
unlikely that the pharmacologic activity of codeine or
ouabain is influenced by trace amounts of those con-
taminants listed. In fact, it has been stated that puri-
fied cardioactive glycosides offer no advantages over
digitalis itself other than uniform potency from lot to
lot (82). However, the same source stresses the need
for purified preparation when intravenous therapy is in-
dicated, and emphasizes the value and importance
of purified cardiac glycosides.

Table II lists some representative medicinals de-
scribed in U.S.P. XVI (257) and some limits of purity.
It can be seen that limits for impurities for some agents
are peculiar to those agents, as with amylene hydrate.

Synthetic substances also may be contaminated
with traces of contaminants arising from intermediate
products during the synthetic process. Examples of
some of these intermediates are seen in Table III. The



Pharmaceutical
Acetazolamide
Acetic acid, U.S.P.
Acetylsalicylic acid
Aluminum monostearate
Aminosalicylic acid
Ammonium carbonate
Amobarbital sodium
Amylene hydrate
Antimony potassium tartrate
Ascorbic acid
Bacitracin
Benzoic acid
Benzoin
Betazole hydrochloride
Bethanechol chloride

Bismuth sodium tryglycollamate

Bismuth subcarbonate
Bismuth subsalicylate

Borie acid
Caffeine

Caffeine and sodium benzoate

Calamine
Calcium carbonate (pptd.)

Calcium cyclomate

Calcium gluconate

Calcium leucovorin
Calcium pentothenate
Camphor

Carbon dioxide

Cherry juice
Chloroamphenical palmitate
Chlorobutanol
Chlorophenothane

Chlorothiazide

Citric acid

Cyclopropane

Dextrose

Dibucaine hydrochloride
Diethylcarbamazine citrate
Digitalis

Dijodohydroxyquin
Diphenylhydantoin sodium
Edrophonium chloride
Emetine hydrochloride
Ephedrine sulfate
Epinephrine

Ether

Eucatropine hydrochloride
Eugenol

Evans blue

Ferrous glyconate

Fluorescein sodium
Gelatin

Liquid glucose
Glycerin
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TasrLe II
IMPURITIES IN PHARMACEUTICALS LisTED IN U.8.P. XVI¢
Tmpurity
Cl- 80¢~1 Heavy metals As Others
140 400 20
10
140 400 10
50 5
420 30 m~-Aminophenol <0.2%
35 50 10
30
5 Nonvolatile residue <3%
200 5 (Pb+?)
20
30
20
Acid-insol. ash <0.5%,
37.8-37.99,
17.7-18.3% Nitrogen 14.0-14.6%,
360 480 10
700 10 Nitrate 0.75%, alkalies 0.5%
10 Alkalies 0.5%,, free salicylic acid
0.5%
20 10
20
20
10 Acid insol. 29,
30 Mg and alkali salts 1.09, acid insol.
0.2%
20 Nitrogen 6.3-6.6%
700 500 20 8
50
20 Nitrogen 5.7%, calcium 8.2-8.6%,
Halogens 350
Carbon monoxide 10
0.4
Free acid 19,
700
140 Chloral hydrate 0.025%,, organic
combined Cl 48-519%,
<0.2% 10
10
CO; 300
180 250 5 1.3
9.0-9.5%
20
Foreign org. matter, <2.0%, acid
insol. <5.0%,
Free I and I~ 500
20
20
Cephaeline <2.09,
0.15%
Arterenol 4.09,
Normal residue 30, aldehyde and
peroxide (test for)
Atropine, scopolamine hyoscyamine
Phenol, hydrocarbons
70
700 0.19, Oxalic acid, ferric ion <2.0%, reduc-
ing sugars
zine acriflavine
50 1 Sulfur dioxide 40, bacterial content
10 1.3 Sulfate, residue on ignition <0.5%
10 20 5 2 Residue on ignition 0.01%, chlo-~

rinated compd. 30
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Pharmaceutical
Glycobiarsol

Glycyorhiza

Heparin sodium
Hexachlorophene
Hexachlorophene liquid soap

Hexylresorcinol
Homatropine hydrobromide
Homatropine methyl bromide

Hydrocortisone

Hydrocortisonal sodium succinate
H,0:; solution

Hydroxy amphetamine HB
Hydroxystilbamidine isethionate
Insulin injection

Globin zine insulin injection

Isophane insulin suspension

Protamine zinc insulin suspension

Insulin zinc suspension

Iodochlorhydroxyquin
Iopanoic acid

Iophandylate injection

Iophenoxic acid
Ipecac

Isoniazid
Isoproterenol hydrochloride
Lactic acid

Lactose

Lidocaine

Magnesium sterate

Mecamylamine hydrochloride
Mechlorethamine hydrochloride
Meperidine hydrochloride
Meralluride

Mercaptopurine

Methanamine mandelate
Methoxamine hydrochloride

Methyl salicylate

Methylene blue

Methylglucamine diatrizoate injection
Methylglucamine iodipamide injection
Methyl paraben

Methylrosaniline chloride
Methylthiouracil

Nicotinamide
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TasLE II (Continued)

fo; B

14.0-14.7%

SOt

0.2%

Tests for (p. 382 U.S.P.)

18.0-19.3%
18.0-19.39%
12.2-12.7%

100
14.1-14.5%

350

15

Heavy metals

10

20

10

20

10

Impurity

As

10

Others
14.0-16.09, free aosanilic acid
0.5%, bismuth 36-42%,

Acid-insol. ash 2.5%,

Nitrogen <3.0%, barium

Residue on ignition <0.1%,

Free alkali OHS <0.05%, alkali car-
bonates <0.35%, alcohol-insol.
subst. <3.0%,

Residue on ignition <0.19, resor-
cinol and phenols

Residue on ignition negligible, atro-
pine and other alkaloids

Residue on ignition negligible, atro-
pine and other alkaloids

Loss on drying <1.09,

Sodium content 4.60-4.899,

Preservative 500

Bromide 33.6-35.29,

Nitrogen <0.70 mg./100 TU.S.P.
units, zine 0.1-0.4 mg./1000 U.S.P.
units

Nitrogen <1.50 mg./100 TU.S.P.
units, zine 0.25-0.35 mg./100
U.S.P. units

Nitrogen <0.85 mg./100 TU.S.P.
units, zine 0.25 mg./100 U.8.P.
units

Nitrogen <1.25 mg./100 TU.8.P.
units, zine 0.20-0.25 mg./100
U.S.P. units

Nitrogen <0.70 mg./100 U.S.P.,
zine (p. 353 U.S.P.)

Residue on ignition <0.5%,

Residue on ignition <0.19%, test for
free I (p. 360 U.S.P.)

Residue on ignition <0.19, free
acids, 0.5%, free iodine 7.5

Residue on ignition <0.3%, free I

Overground items 5%, foreign or-
ganic matter 29,

Residue on ignition 0.2%,

Isoproterenone (p. 371 U.S.P.)

Tests for citric, oxalic, phosphoric, or
tartaric acids

Residue on ignition 0.19%, other
sugars 2.4

Lead 10

Hg ion 75
Phosphorus 100

Cu or Zn 0.2%, Cu

Lead, 30
Sulfur 22.2-22.89,
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Pharmaceutical
Nicotinic Acid
Paraldehyde

Pentobarbital sodium
Phenobarbital sodium
Phenolsulfonphthalein
Phentolamine methanesulfonate
Phenylephrine hydrochloride
Phthalylsulfathiazole
Pipenocaine hydrochloride
Lactated potassic saline injection
Probenecid

Procainamide hydrochloride
Propantheline bromide
Propylene glycol

Propyliodine

Propylparaben
Propylthiouracil

Pyridoxine hydrochloride
Quinidine sulfate

Raspberry juice

Ringer’s injection

Stronger rose water

Saccharin

Saccharin calcium

Salicylic acid

Secobarbital sodium

Sodium acetrizoate injection
Sodium benzoate

Sodium citrate

Anticoagulant acid citrate dextrose solution
Sodium diprothizoate injection
Sodium diprothizoate

Sodium gluco-sulfone injection
Sodium levothyroxine

Sodium liothyronine

Sodium salicylate

Sorbital solution

Stearic acid

Stibophen

Succinylcholine chloride
Sucrose

Sulfacetamide sodium
Sulfadiozine

Sulfadiozine sodium
Sulfamerizine

Sulfamethiozine
Sulfa-bromophthalein sodium
Suramin sodium

Thiamine mononitrate
Thiamylal sodium for injection
Thiopental sodium
Tolbutamide

Trichloracetic acid
Triethylenemelamine
Trihexyphidyl hydrochloride
Tubocurarine chloride
Urethan

Warfarin sodium

Water

Wool fat

Zinc stearate

¢ Parts per million, unless otherwise noted.

Tasre II (Continued)
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Impurity
C1- SO¢™2 Heavy metals As Others
200 200 20
Nonvolatile residue 600, acetylde-
hyde 0.4%,
30
30
10
0.2%
17.0-17.79, 0.2%
150 400 20
11.6-12.19%
0.3
20
20
Bromide 17.3-18.0%;
70 5
20
350
20
16.9-17.6% 30
Chloroform-insol. subst. 0.1%,
0.4
0.3 0.1
2
20
20
140 200 20
30
70
20
10
35
20
35 10
Iron 20, sulfate 3.0-3.5%
0.719%,
1.29 Na 4.0%, inorganic I 0.08%,
20
50 100 10 1.3
20
70
19.3-19.6%,
60 5 Invert sugar 0.3%
20
20 (ref. 5)
20 (ref. 50)
20 (10)
20 (10)
Calcium 0.05%,
1.2% 20
600
30
20
20
350 800
50
10.7%
10.3%
140 10
10
Total solids 0.19,
350
2 Lead 1.0%, 10
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TasLe IIT

CONTAMINANTS ARISING FROM INTERMEDIATE PRODUCTS DURING
THEIR SYNTHESIS
Intermediate contaminant

Salicylic acid

Active agent

Acetylsalicylic acid

Benzocaine Free acid

Bradykinin Dipeptides

Methoin 5-Ethyl, 5-phenyl hydantoin
Methy! thiouracil Thiourea

Plenacetin p-Phenetidin

Riboflavine Lumiflavine

Suramin Free amine

Theophylline Caffeine, theobromine
Trypersamide Asanilic acid

Urethan Urea

presence of some of these trace contaminants could in-
fluence the toxicologic or pharmacologic activities of
the active agent, and their removal would be desir-
able.

The methods presently used for purification such as
chromatography crystallization from solvents, dis-
tillation, electrolysis, and extraction are sometimes able
to satisfy the purity demands of the U.S.P. However,
unique situations arise which suggest the need for ultra-
pure therapeutic agents, justifying initiation of ultra-
purification techniques. Antiparasitic agents as anti-
mony potassium tartrate and methylrosanaline chloride
have limits for lead in parts per million (257). Anti-
mony potassium tartrate (tartar emetic) is adminis-
tered intravenously for the treatment of schistosomia-
sis, a trematodal disease afflicting more than 200 million
people in the Far East and Southwest Pacific Islands
(39). Tartar emetic is used extensively and is con-
sidered one of the most effective agents against schisto-
somiasis. Although only a small percentage of lead
taken orally is absorbed, that which is absorbed ac-
cumulates in the liver and kidney depositing finally in
the bones (45). Lead poisoning is nearly always
chronic. Accidental chronic lead poisoning has been
reported resulting from the daily drinking of water from
a lead pump and in infants breast fed by mothers using
lead nipple shields (182). Incipient intoxication causes
jaundice, constipation, insomnia leading to confusion,
tremors, and paralysis. Sufficient is known about the
toxicology and insidious cumulative nature of lead to
warrant complete removal, if possible, from medicinals
taken chronically.

Most recently, hepatic necrosis has been reported fol-
lowing the use of the volatile anesthetic halothane (2-
bromo-2-chloro-1,1,1-trifluoroethane) (38). Gas chro-
matographic analysis of freshly opened bottles of
halothane revealed the presence of the responsible
agent, 2,3-dichloro-1,1,1,4,4,5-hexafluorobutene-2, in
concentrations of 1 p.p.m. (57). The pharmacologic
properties of the butene contaminant has been studied
only partially but its convulsant and lethal nature in
rats has been revealed (123). Severe degenerative

changes in the liver and kidneys of rats following ex-
posure to 0.019, halothane for 4 hr. have been reported
(57). Quality control specifications for halothane re-
quire that no other ingredients may be present in
quantities greater than 5 p.p.m. (221). The importance
of removal of even such minute levels of trace contami-
nants is exemplified by this specific agent.

Zone melting and allied techniques would appear to
find application in the purification of such classes of
therapeutic agents as steroids, intravenous contrast
media, hormones, blood coagulation proteins, and pro-
teolytic, fibrinolytic, and other enzymes. Impurities
in trace amounts of foreign steroids in a steroidal prep-
aration have altered significantly the pharmacologic
activity (116). Trace amounts of an impurity in a
contrast medium intended for angiography could alter
the toxicity of the medium considerably since such large
quantities of medium are required for the procedure (11).
Pure preparations of such hormones as growth hor-
mone, parathyroid hormone, and gonadotrophins are
unavailable. All these hormones may contain bio-
logically active contaminants not detectable by pres-
ently employed chemical or physicochemical methods
(65). Similarly, all the blood coagulation proteins as
fibrinogen, prothrombin, thrombin, factor V, factor VII,
and antihemophilic globulin are contaminated with
trace amounts of other plasma proteins (65). Anti-
hemophilic globulin, U.8.P., is not completely free of
other globulin and thus is standardized on its ability to
shorten the clotting time of hemophilic blood (257).
Commercial preparations of streptokinase are only par-
tially pure, and only recently has a more pure strepto-
kinase preparation become available in connection with
fibrinolytic therapy (6). The increased use of plas-
min, a fibrinolytic enzyme obtained from human plasma,
in thromboembolic disorders (6) has pointed to the
necessity of purer preparations. Those available are
contaminated with other plasma proteins difficult to re-
move by available procedures. The therapeutic ap-
plication of enzymes for debridement of wounds, lysis
of clots, anti-inflammatoryeffect, and pulmonary disease
has been advanced greatly by the availability of puri-
fied enzyme preparations (56).

b. Ultrapurification of Agents as Reference Standards

Ultrapurification methods should find specialized use
in the preparation of highly pure agents for use as ref-
erence standards and for the study of the pharmacology
of pure agents. U.S.P. reference standards are pre-
pared by whatever purification or treatment appears
necessary (258). Purity is established by studying the
physical characteristics of the drug. Physical and
chemical tests are inapplicable with such agents as digi-
talis. Ultrapurification methods should be applied
to present U.S.P. reference standards to determine how
ultrapurity influences the pharmacologic activity. Pos-
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sibly the removal of certain ions from a preparation
may decrease its activity. On the other hand, en-
hancement of activity might be achieved. Studies in
this area are indicated strongly.

Some of the confusion as to the action of certain
agents, as epinephrine or insulin, might have been
avoided had ultrapurification techniques been avail-
able. Epinephrine, the first neurohumoral factor
to be isolated, was crystallized in 1905. Not until 1944
was it discovered that the epinephrine isolated from the
adrenal glands contained levarteranol (norepinephrine)
also. In man, responses to these two closely related
agents are remarkably different (261). Epinephrine
increases heart rate, systolic pressure, and cardiac out-
put. Epinephrine has a vasodilating action while lev-
arteranol is more strongly vasoconstrictor in action.
Synthetic epinephrine is available, but difficulties in the
resolution of the racemic mixture to the active levoro-
tatory form makes the natural epinephrine the most
generally used preparation. U.S.P. XVI sets the limit
of 49, for levarterenol in epinephrine solutions. The
presence of this contaminant, it must be pointed out,
does not influence the therapeutic properties of the
epinephrine. Thus, ultrapurification would be selec-
tively useful to prepare a pure drug as a reference
standard from natural sources or in use in the pharma-
cologic study of that agent.

Insulin also has a similar history in that initial prep-
arations of insulin from hog pancreas were contaminated
with a hyperglycemic—glycogenolytic factor termed
glucagon (147). Early insulin studies in animals
showed that insulin caused an initial rise in blood sugar
followed by the characteristic decrease. This hyper-
glycemic effect was thought to be due to the action of
insulin, but newer methods of crystallization of insulin
revealed the presence of the glycagon contaminant.

These are but two of many possible examples of
agents whose pharmacologic action might have been
clarified more readily had techniques been available
for their preparation in highly pure form. Purification
of hormones mentioned above and other agents ob-
tained from natural sources would allow their unquali-
fied use as reference standards.

B. GENERAL APPROACHES

1. Initial Purity of Sample

In ultrapurification, it has been standard procedure
to bring the substance from the crude impure state to
one of relative purity before applying the final ultra-
refining process (25). The most important reason for
this approach is that various types of impurities are
simple to remove #n toto early in the purifying process
rather than applying ultrapurification techniques di-
rectly to the crude product. A number of exceptions
to this approach have recently appeared in the litera-

ture. Of interest is the work of Hines, et al. (104), who
ultrapurified sea water by zone freezing and claimed
1009, purity with one zone pass, starting with natu-
rally occurring sea water, Although not of organic ma-
terials, sea water forms eutectic mixtures with its salts
and is thus relevant. Wilcox (270) and Friedenberg
(76) have zone refined naphthalene from initially im-
pure commercial samples and show analytical data to
support ultrapurity. Beynon and Saunders (23) in a
full investigation demonstrated that it is possible to ul-
trapurify directly crude samples of naphthalene by the
zone melting technique. In addition they identified
an extensive list of impurities by mass spectrometry
from these raw materials.

Other investigators (25, 29, 157, 199) in like manner
have indicated ultrapurity by zone refining techniques
from several crude materials. Herington (102) has
pointed out that the two critical factors that must be
considered in zone refining any substance are (a) the
amount and (b) the nature of impurities present. Suf-
ficient data are not yet available at the present time to
generalize which substances that form eutectic mix-
tures with their impurities may be ultrapurified directly
from raw materials by zone melting.

2. Methods of Zone Melting Eutectic Miztures

The theoretical aspects of these methods have been
treated in a previous section. Here it is desirable to
establish the practical point of view of how to ultra-
purify organic materials assuming they form eutectic
mixtures with their impurities. The reasonableness of
this assumption will be discussed at a later point.

If one chooses to zone melt a crude material, there is
always the danger that the eutectic composition will be
reached in the fractionation process. In this instance,
difficulties in ultrapurification are manifold (277). How-
ever, if one assumes the classical approach, and an ini-
tially pure substance is zone refined, it has been shown
theoretically that under ideal conditions, only one zone
pass is necessary to obtain an ultrapure fraction. The
theoretical analysis of ideal conditions has been given by
Friedenberg (76). The realization of these conditions
in zone melting experiments has not been utilized to
date although they are thought to be within the scope
of known experimental techniques. Savings in time
and ultrapurity might be achieved by this procedure.

If nonideal conditions are imposed, a distribution co-
efficient is relevant but arises as a function of the con-
ditions and is not due to the nature of the material or its
phase diagram. Here multiple zone passes are neces-
sary to ensure an ultrapure fraction.

It is important to distinguish between multiple zone
passes (referring to a single zone passing repeatedly
through the charge) and multiple zones in the charge
which may also be passed repeatedly through the
sample. In the latter case, with the use of multiple
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zones (instrumentation is available for such techniques),
a much higher efficiency is reported in ultrapurification
than with a single zone or with progressive freezing
techniques. Thus multiple zones with multiple passes
offer, based on what is known at the present time, the
most efficient method of ultrapurification.

It is to be noted that with a eutectic mixture the
ultrapure fraction is to be found always at the begin-
ning of the charge. Since this fact is well known, it is
assumed throughout the discussions in this review.

3. Zone Melting Solid Solutions

If it is established that solid solutions are formed with
impurities, a distribution coeflicient arises as a func-
tion of the nature of the substances. In this case, mul-
tiple zone passes are necessary to ensure an ultrapure
fraction, and the methods of zone melting inorganic
materials are applicable. Since impurities that form
solid solutions may either raise or lower the melting
point (69), the ultrapure fraction may be found towards
either end of the charge. It has been shown that the
safest procedure in all cases (if analytical methods are
not available) is to choose the middle fraction as the
ultrapure material. Such methods in fractionation
processes are common (165).

4. Evidence of Lower Limits of Impurities

In the parts per million range, the problem arises as to
what extent impurities and a major organic component
will form eutectic mixtures or solid solutions. Evidence
gathered fall into two classes: (a) data obtained prior
to compilations of the “International Critical Tables,”
and (b) more recent experimental evidence from thermal
analysis measurements. A recent discussion of this
evidence (76) indicates that there is sufficient grounds
for believing that most organic materials do form eutec-
tics at both high and low concentrations with their
impurities. Isolated calorimetric studies supporting
the formation of solid solutions at low concentrations
have dealt with the few known impurities that form
solid solutions with their major component at high
concentrations (141, 231, 254).

5. Thermol Stability Requirements

The thermal requirements of an organic substance
for zone melting take first priority in considering an
ultrapurification experiment. Thus a substance that
decomposes at or below its melting point is unfit for the
standard zone melting ultrapurification procedure.
However, a number of allied techniques have been de-
veloped (presented in the applications section) which
are able to refine heat-labile and noncrystalline ma-
terials which have no sharp definitive melting points.
Thus the first step for ultrapurification is to determine
the substance’s thermal stability and then proceed
with the appropriate technique.

C. SPECIFIC ANALYTICAL METHODS

The classification of analytical methods to deter-
mine purity are usually grouped into physical and
chemical procedures. A more recent classification is
based on the definitions of “absolute and relative
methods” (76). A ‘‘relative analytical method’’ de-
pends on the comparison of data to that of a known
primary standard. Since the ultrapurity of the pri-
mary standard itself is unknown such methods are of
questionable usefulness in the microregion. An ‘“‘ab-
solute analytical method” is based upon an “internal”
standard of the physical property being measured. The
only limitations of these methods is the refinement of
procedure in the determination of some chosen physical
property. Spectrophotometric methods, scintillation
analysis, fluorimetry, and specific chemical methods are
examples of relative methods, while thermal analysis,
gas chromatography, phase solubility methods, mass
spectrographic methods, radioactive tracers, and elec-
trical conductivity are examples of absolute meth-
ods.

It is clear that a substance is only as pure as the sen-
tivity of the method used to detect its absolute, total
impurities. Numerous references (13, 55, 93, 98, 135,
204, 236, 286, 288) are available in the literature to ul-
trapurity of substances when in reality their purity
have not at all been established by “absolute’” methods.
A typical analysis of such data is given by Friedenberg
(76).

For ultrapure materials, melting points do not con-
stitute proof of purity (226, 260). In the same light,
elemental analysis may be completely deceiving since
isomers and closely related substances may yield similar
values.

For rigorous results, thermal analysis and differen-
tial thermal analysis methods have yielded the most
reliable data (80, 99, 217, 230). The inherent dif-
ficulties in dealing with mole per cent as a measure of
impurities has already been described. Gas-liquid
chromatography yields only total organic impurities,
although radioactive sensing devices are available for
detecting trace quantities of inorganic impurities as
well. The limitations and ramifications of this method
have scarcely been investigated (61). Phase solu-
bility methods applied to the microregion (137) have
only recently been applied to zone refined materials
(76). The use of radioactive tracers suffers from the
disadvantage that for rigorous results the major com-
ponent must be labeled. If a labeled impurity is
added to the system, one must establish the relationship
between the added impurities and the unknown im-
purities present. Thus zone melting a material free of
one labeled impurity in no way establishes the absolute
proof of removal of other impurities from the system
(74, 118, 144, 159, 198, 237).
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Electrical conductivity measurements have been used
to determine trace quantities of known metal impuri-
ties. This method has also been used to study organic
semiconductors (1-3).

Mass spectrometry under favorable conditions may
yield total impurity concentrations and has the addi-
tional advantage of identifying individual impurities
(23).

In summary, one may discount numerous ‘‘relative”
methods including the addition of dyes and impurities
before zone melting and analyzing for these substances
at a later point in the refining process. Such methods
do not establish fotal, absolute impurities. Those ana-
lytical techniques that do yield absolute values must be
used with the realization of their limitations.

IV. ADDITIONAL APPLICATIONS AND RELATED
TECHNIQUES

A. ZONE MELTING APPLICATIONS

1. Concentration of Impurities

Often in the purification of organic substances, good
reasons can be established for identifying the impuri-
ties. In order to do this, emphasis is placed in con-
centrating the contaminants for further identification
by means of the zone melting procedure. If the iden-
tity of such impurities is completely unknown, both
types of phase diagrams (see theory section) may be as-
sumed and the normal zone melting procedure fol-
lowed. Thus under nonideal conditions with multiple
zone passes, impurities may collect at either end of the
charge. It must be remembered that with solid solu-
tions, the impurities usually move much slower than
those that form eutectics. Therefore, the assessment
of solid solution impurities is usually more difficult and
time consuming. On the other hand, isomers of a major
component which may be of great interest are the par-
ticular substances most likely to form solid solutions.

Investigations involving the concentration of im-
purities by zone melting have been few. A classic
work by Beynon and Saunders (23) concentrated a
large number of components present in samples of crude
naphthalene and identified them by mass spectrom-
etry. A similar work by Briggs (29) was also directed
at the impurities in naphthalene, and extensive analyt-
ical studies were successfully performed by gas-liquid
chromatography. No other studies focusing on con-
centrating impurities for identification purposes have
been reported in the literature. With the advent of in-
strumentation capable of detecting and identifying im-
purities in the microregion, investigations on this aspect
of ultrapurity are long overdue.

2. Zone Leveling
The purpose of zone leveling is to obtain a uniform

distribution of impurity throughout a sample. This
nmethod is commonly employed with inorganic semi-
conductor materials after zone refining to redistribute
the remaining impurities evenly throughout the charge.
Although, to date, there are no published examples of
the use of this technique with organic materials, the
application of this method to ensure umiformity of
purity is readily apparent. As a practical technique,
the impurities are first removed from the ends of the
charge after a zone melting process. The zone velocity
is then increased and moved in the reverse direction to
that used in the zone refining process. One point of
view is that one pass with a high zone velocity in the
opposite direction will evenly redistribute the remain-
ing impurities (102). Thus the equations involving a
distribution coefficient of solid solutions are applicable
and several “back and forth” treatments have been sug-
gested.

Other investigations indicate the following procedure
for zone leveling organic compounds: several zone passes
in both directions, at least equal to the number of zone
lengths in the charge. One technique with promise
suggests a ring charge with the zone moving continu-
ously in a circle. This technique appears to be inde-
pendent of zone velocity. However, zone travel rate
and size must be constant.

3. Study of Phase Diagrams

Zone melting experiments have been related to phase
diagram studies in two ways: (a) data obtained inde-
pendently from thermal analysis have been used in zone
melting experiments; (b) zone melting data have been
utilized directly in constructing phase diagrams.

The first of these methods involves the use of time—
temperature curves at specific concentrations (thermal
analysis) to construct the phase diagram. From the
phase diagram, if its form fits one of the classic graphs,
its segregation properties may be calculated directly
(122). The two most significant graphs involve the
solidus and liquidus curves of a solid solution and the
eutectic mixture as described in an earlier section.
Thermal analysis techniques have been described else-
where in great detail (230) and no attempt will be made
to review them here; however, it may be noted that no
standard or consistent procedure has been established
for regulating conditions during thermal analysis.
Thus, temperature changes may occur at 5°/min. or
1.0°/hr. or anywhere in between. Studies involving
the second derivative of temperature as a function of
concentration are not available. Since it is well known
that the conditions alter the distribution of a second
component at the freezing interface, it is likely that
variation in the temperature change with respect to
time will alter the shape of the time-temperature curve.
Thus modifications of phase diagrams that have been
established may well represent the influence of the in-
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consistent conditions used to obtain them. Theoret-
ically, these conditions should be maintained at ther-
modynamic equilibrium to allow a true representation
of the nature of the substances. Although two workers
(76, 224, 225) have attempted to approach thermody-
namic equilibrium conditions with a rate of temperature
change of 0.001°/hr., this data was not used for pur-
poses of constructing phase diagrams. This does in-
dicate, however, that such instrumental techniques are
available and that standard conditions for thermal
analysis could be established. For critical investiga-
tions of this nature, other factors, as well should be
considered, e.g., the effect of stirring.

In general, phase diagram data are desired either for
small or for large concentrations of the second com-
ponent. With dilute mixtures most authors (69, 81,
102, 163, 269, 277) assume a 1009, segregation of im-
purities with eutectics. Since thermal analysis is
rarely conducted under thermodynamic equilibrium
conditions, the region of ultrapurity is unknown.
Therefore, the resulting phase diagrams actually yield
no information for the lower ranges of impurity concen-
tration. It is just this region that is of interest in
many zone melting applications.

With solid solutions it is a well-known fact (254) that
the equilibrium distribution coefficient is never known
since the distribution coefficient obtained is a function
of the thermal analysis conditions, which have never
been at true thermodynamic equilibrium. Since in-
vestigators use different freezing rates, variation in dis-
tribution coefficients are the rule, and variations in the
shape and form of phase diagrams for the same sub-
stance, completed by different workers, are common.

The second method above involves the use of single
or multiple zone passes to redistribute the components
and so provide information about the phase diagram
(102, 171, 172). This technique has been used suc-
cessfully on metallic systems to determine eutectic com-
positions (291, 293) and maximum solid solubilities
(290, 293). Only two organic phase diagrams have been
studied by zone melting (74, 113, 236). These studies
both gave relatively complex phase diagrams. In par-
ticular, Bailey obtained a peritectic for the anthracene—
phenanthrene system, whereas other investigators had
not reported this (113, 144). It is suggested that the
complexity of these phase diagrams may actually have
been caused by use of nonequilibrium zone refining con-
ditions. Similar difficulties have been encountered in
work on semiconductors (18). Herington has devised
calculation techniques for determining the correct
phase diagram under nonequilibrium conditions (102).
These techniques are, however, difficult to work with
and of uncertain validity. Interpretation of experi-
mental results would be much more straightforward
and of unquestionable validity if thermodynamic equi-
librium conditions were employed.

B. RELATED SEPARATION TECHNIQUES

1. Zone Freezing and Directional Freezing

A number of organic liquids and solids have been
ultrapurified by zone freezing and directional freezing
(53, 61, 63, 104, 189, 218, 237). Zone freezing as a
technique used for organic liquids is comparable to zone
melting for solids. The theoretical aspects are com-
pletely analogous, although equipment needs are dif-
ferent. In contrast, directional freezing is often com-
pared with fractional erystallization. Herington (102)
has made a theoretical study of the distribution curves
of fractional crystallization and zone melting, compar-
ing average compositions of the charge and concentra-
tions at a point. However, his equations for zone melt-
ing are not rigorous (as given in the theory section of
this review), and there is considerable controversy on
the use of fractional crystallization equations for direc-
tional freezing. Thus, his conclusions are suspect on
theoretical grounds. A number of investigators have
found experimentally and theoretically that directional
freezing is a more efficient purification process than
zone melting for a single pass. As given in sections
IIC and VA5, directional freezing appears to be very
useful as the initial step of a multistep zone refining
process. The specific disadvantages of directional
freezing may be summarized as follows: (1) Automation
is difficult since portions of the charge must be removed
periodically for a multiple-step process. (2) Contami-
nation is a problem in removing unfrozen sections. (3)
In directional freezing, the sample is liquid for a greater
time than in zone melting; thus the risk of thermal de-
composition is greater with directicnal freezing. (4)
A recent comparison of multiple-pass zone melting with
cropping and multiple-directional freezing indicates
that the yield of purified material is less than that pos-
sible with zone refining (278).

The classic studies of Schwab and Wichers at the Na-
tional Bureau of Standards (218) have established the
instrumentation and specifications of fractional crystal-
lization from melts and directional freezing procedures.
Other investigators (61, 63) more recently have refined
equipment and operating procedure such that stirring,
temperature control, rate of movement of the freezing
interface, and the mechanics of operation have in some
respects advanced directional freezing beyond zone
melting. Benzoic acid has been considered the classic
material of an ultrapure gravimetric standard by the
National Bureau of Standards through the application
of directional freezing techniques. Other organic com-
pounds so refined include benzene, p-bromotoluene,
nitromethane, and pyridine.

2. Zone Precipitation and Related Technigues

The most important disadvantage of the zone melting
technique is that heat-labile organics that decompose at
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or near their melting points cannot be purified by this
method. To overcome this problem, Eldib (66), in at-
tempting to zone refine microcrystalline petroleum
waxes, devised a method of adding a solvent to the
charge and separating his material through differences
in solubility while passing a molten zone through the
gel-like mixture. Eldib named this technique of adding
a solvent to the charge ‘“zone precipitation.” It has
been given other names elsewhere (e.g., ‘‘freezing out”
(222)) and a number of investigators (78, 164, 177,
180, 193, 199, 201, 237, 256) have used this idea in dif-
ferent ways to zone refine heat sensitive materials.
The chief advantage of this technique is that it makes
all organic materials eligible for zone refinement. Its
disadvantage lies in the fact that contamination by the
solvent is a major hazard.

The specific method that Eldib developed requires a
nonaqueous solvent to be used in small whole ratios to
the major component. Thus a typical example would
be a sec-butyl acetate:wax ratio of 3:1. This mix-
ture forms a solid gel at room temperature. The highly
volatile solvent is removed after purification by gentle
heating. The technique is suggested for use on poly-
mers, proteins, dyes, rubber, animal fats, gums, as-
phaltines, vitamins, glass, and plastics.

Schildknecht has modified this procedure by using
dilute aqueous solutions of various organic compounds
(0.19%, hydroquinone, resorcinol, and pyrogallol) (201).
By a directional freezing procedure he was successful in
concentrating individually pure portions. Other solu-
tions included aldehydes, quinones, and ascorbic acid.
In afurther modification of this, a centrifugation step was
used in conjunction with directional freezing of aqueous
solutions (76). Thus, density stratifications were es-
tablished during the freezing process. A similar adap-
tation by Shapiro (222) involved a mechanical shaker
and use of a freezing chamber. Recovery of 999 of the
solute has been reported as a means of concentrating a
heat-labile substance in ultrapure form. Single direc-
tional freezing experiments have been reported with
such heat sensitive materials as skim milk.

Some rather unique solvents have been used to aid in
the fractionation process. Naphthalene has been
utilized in zone melting polystyrene (164). At the end
of the procedure the naphthalene was removed by sub-
limation. Turbidimetric studies (145) indicated that
the polymer had been fractionated into a series of pure
components. The successful use of benzene to frac-
tionate polystyrene has also been described (130) by
unidirectional freezing methods. The relation be-
tween molecular weight and freezing rate has been
analyzed in detail.

In summary, the investigations of Schildknecht,
et al. (199, 201), are the most definitive in the zone melt-
ing and directional freezing of aqueous solutions of
heat-labile organic substances. The extension of this

technique, as well as that of Eldib’s, as a general zone
refining method is experimentally more advanced than
its theory. The development of the mathematical
principles underlying these methods may well bring
into being the separation and ultrapurification of heat-
labile closely related organic isomers (64).

3. Vapor-Zone Refining

A second disadvantage of zone melting organic com-
pounds is that many such materials have high vapor
pressures at their melting points. Such volatile sub-
stances produce rapid loss of material from the melt
zone. Weisberg and Rosi (265) developed a technique
where temperature control along the heated zone allows
the compound to sublime across a gap where it is col-
lected on previously sublimed material. The move-
ment of the charge by Teflon plugs allows for successive
sublimations with a minimum of contamination. The
difference in sublimation rates of impurities and major
component allows for a separation at both ends of the
charge. Sloan has refined tetracene by this technique
(229). Although vapor zone refining equipment is
therefore now available, the theoretical aspects of this
method have not been clarified.

4. Fractional Melting

Fractional melting has been largely supplanted by
zone refining methods (102). Its principal use has
been on solids with high impurity contents. A frac-
tional melt is produced with solid and liquid hope-
fully in equilibrium. This method is considered to be
useful only with eutectic forming mixtures, and as a
batch process its efficiency is low. The low efficiency is
attributed to low solid-state diffusion rates. The
method is outdated and the reader is referred to ref-
erences for further information (10, 79, 140).

5. Single Crystal Growth

A large number of experimental methods are avail-
able for growing single crystals (88, 215, 279). Many of
these methods are applications of the directional freez-
ing technique previously described, e.g., the Bridgman
technique. Although there are some references in the
literature (79, 129, 155, 188, 213, 224, 286) to formation
of single crystals in the last step of zone refining process,
the applications of zone refining appears more per-
tinent in the preparation of the ultrapure material for
crystal growth procedures.

A new and powerful related crystal growth technique
is called “temperature gradient zone melting” (169,
171, 250) or alternatively the “traveling solvent
method” (87, 152). It consists of placing a very thin
zone of a suitable solvent between a seed and a rod-
shaped charge. A high temperature gradient is placed
across the solvent zone, causing the material to dissolve
on the hot side and crystallize on the cooler side. The
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zone moves thereby and in the process produces a
single crystal. The process has been analyzed theoret-
ically by Pfann (167, 171) and by Tiller (250). So far
the technique has been applied only to semiconductors
(87, 152). Because of the usual absence of solid solu-
bility of solvents in organic systems, however, the tech-
nique shows great promise for growth of single crystals
of organic compounds.

6. Separation of Isotopes

A number of experiments with heavy water have in-
dicated that separation of isotopes by zone freezing is
too slow for practical use (87, 237). Sloan has af-
fected some separation of benzoic acid-d from benzoic
acid, however, by 274 zone melting passes.

7. Separations Involving Colloids, Enzymes, Bacteria,
and Plankton

A few applications of the zone melting technique have
been described (199, 237) which show a fractionation of
highly complex, organized organic matter. These
studies at first sight seem incongruous to the principles
of crystallinity which pervades all zone refining meth-
ods. Yet as a fractionation procedure, the procedures
are apparently equally applicable.

The requirements for the zone freezing of colloids are
that they are not degraded nor coagulated by freezing
(237). Enzymes in aqueous solution have been zone
melted and active fractions have been concentrated
(199). Suspensions of bacteria and phage have in a
similar manner yielded concentrated separations. In
contrast, studies with plankton were unsuccessful in that
repeated freezing destroyed the cells.

The ultimate use of the principles of zone melting
as a general fractionation process on highly organized
organic matter has been barely touched.

V. METHODS AND EQUIPMENT

A. LABORATORY PURIFICATION

Up to the present time the greatest use of zone melt-
ing of organic compounds has been in small-scale labo-
ratory purifications, primarily for research purposes.
Consequently, considerable space will be devoted to the
operating conditions necessary to obtain optimum puri-
fications on a laboratory scale.

1. Parameters of Importance

Optimum operating conditions in zone melting are
those which give the greatest purification possible in a
given length of time. The parameters of greatest im-
portance to the purification are the following:
zone travel rate
direction of zone movement
Zoue s1ze

container diameter and length
temperature gradients and control thereof

® o T
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In addition to these there are several other factors
which serve to affect the ease of operation, such as
container material and automation. Although it is
not possible to specify the exact optimum operating
conditions, certain broad guidelines can be given.
These are discussed in some detail in the following para-
graphs.

Values for certain of the operating parameters re-
portedly used in zone refining various organics are
shown in Table IV. TUnfortunately the data are often
not complete. Initial and final purities were fre-
quently not given, so it is difficult to judge the degree
of success obtained by most investigators.

2. Mizing of the Zone

For laboratory purifications of organics, it is usually
not convenient to mechanically stir the zone, although
it is possible and serves to increase the rate of puri-
fication. Ultrasonic mixing has proved helpful in
organic reactions and in growth of crystals from solu-
tion (115). Its employment in zone refining of organics
should be investigated.

Forced convection has rarely been used in zone melt-
ing of organics. Stirring is accomplished, however, by
free convection in the zone, if the tube size is not of
capillary dimensions. Wilcox has made a theoretical
and experimental study of free-convection conditions
on the boundary-layer thickness in zone melting of
organics (270-273). We may summarize the results
in a qualitative fashion as follows.

Free convection is fluid motion caused by density
variations resulting from temperature and/or concen-
tration variations within the fluid. In zone melting
we have nonhomogeneity of both temperature and con-
centration in the melt. The concentration variation
results from segregation at the freezing interface. The
temperature variation results from heat transfer to and
from the melt and to the freezing and melting solid.

In the usual experimental arrangement, the zone is
heated primarily by conduction from a resistance
heater. In such an arrangement, bulk mixing of the
zone results primarily from the free-convection cur-
rents generated at the tube walls by transfer of heat
from the heater, through the tube walls, to the zone.
Under these conditions the bulk of the zone is actually
well stirred. Near the solid-liquid interfaces, how-
ever, these free-convection currents die out, leaving a
boundary layer of nearly stagnant fluid adjacent to the
interfaces. As shown in section IIC, the purification
in zone melting is strongly dependent on the boundary-
layer thickness at the freezing interface. This bound-
ary-layer thickness, in turn, depends primarily on the free
convection generated at the freezing interface itself by
the density difference between fuid at the freezing in-
terface and in the bulk zone. The larger the density
difference, the smaller the boundary-layer thickness,

and the greater the purification attained. This means
that with high purity materials a higher temperature
gradient will normally give a larger density difference
and hence a larger purification.

Stirring is also much greater when the fluid of higher
density (between the bulk zone and the freezing inter-
face) is on the top rather than on the bottom. For a
vertical tube with high purity materials, this normally
means that the freezing interface should be on top; 1.e.,
the zone is moving down. For material with large im-
purity contents a complication is introduced. Be-
cause of segregation a new density effect appears—that
caused by the difference in concentration between
freezing interface and bulk zone. This density effect
may either work with or against the temperature-in-
duced density effect, depending on the concentration—
density relationship. As a result more efficient stirring
may result if the freezing interface is on the bottom.
If the two density effects are opposite and the concen-
tration-induced density effect is greater, then increasing
the temperature gradient will reduce the resultant den-
sity difference and reduce the separation.

A simple way of increasing the free convection at the
freezing interface is to introduce a thin axial rod of high
thermal conductivity (i.e., a metal) into the center of
the charge (271). The boundary-layer thickness has
been reduced by a factor of two to three in experiments
on naphthalene using this technique (270, 273).

High speed rotation of the zone melting tube has also
been suggested as a method of increasing free-convection
stirring, but has not yet been attempted (270).

3. Gas Liberation

In general, gases are more soluble in liquids than in
solids. Because of this, gases are trapped among the
solid crystallites formed during the normal filling oper-
ation, in which the molten organic material is placed
in the zone melting tube and then rapidly frozen. Un-
less special precautions are taken, therefore, gas will be
dissolved at the melting interface and liberated at the
freezing interface in zone melting. In some cases in
which a horizontal tube is used, this gives rise to a chan-
nel along the top of the material. 1In a vertical tube, if
the zone is moved down, the bubble collects at the freez-
ing interface. In large tubes this causes no trouble and
may even be beneficial. It normally forms a gas tube
inside the frozen solid, which alleviates somewhat break-
age in multiple passes (as discussed later). In small
tubes, however, it can block the tube entirely and almost
completely stop the purification. If the zoneis moved up
instead, the bubbles collect at the melting interface in
large tubes and so areswept out. Insmall tubesblockage
again occurs. The bubbles can, however, often be en-
couraged to move up by periodically tapping on the tube
or vibrating it (278).
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4. Zone Travel Rate and Direction

The purification per zone pass increases as the zone
travel rate decreases. Unfortunately, the time re-
quired to complete a pass increases simultaneously. The
optimum travel rate has not been established. The
rates shown in Table IV (summarized in Fig. 7) repre-
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Fig. 7.—Frequency histogram of published data on zone travel

rates producing appreciable separations in zone melting—each
different travel rate for each compound counted.

sent in most cases an empirical compromise, although
almost no systematic work has been done on this prob-
lem. Most instances of failure of zone melting can be
attributed to zone travel rates being too high for the ex-
perimental conditions.

Zone travel rates slow enough to give equilibrium be-
tween the freezing solid and bulk zone have never been
experimentally tested on organic compounds. To
achieve this would take smooth zone travel rates be-
low about 0.1 mm./hr. The difficulty is that the mo-
tion must be completely smooth and uniform. Al-
though mechanisms thus far devised to provide zone
motion and temperature control may be adequate to ac-
complish this, no attempt to do so is known. Flue-
tuations of the freezing interface would, however,
nullify any macroscopically slow movement. Use of
motion-picture microphotography should be employed
to verify the successful operation of any such apparatus.

In the theoretical section, it was shown that consti-
tutional subcooling, which lowers the separation, in-
creases as impurity content increases. Because of this,
it is often advantageous to have a lower zone travel rate
at the beginning of a zone purification than in later
passes, where the purity is higher. (Note, however,
that the ultimate separation increases as the zone travel
rate decreases.) Presence of constitutional subcooling
may be detected by examining the freezing interface
with a magnifying glass for surface irregularities.

As discussed previously, the direction of zone travel

is significant to the degree of separation attained. Gen-
erally, horizontal zone melting of organic compounds
has proved to be less efficient than vertical zone melt-
ing, so this is eliminated from further consideration
here. Applications may, however, be found for hori-
zontal zone melting of organic compounds. From a
free-convection standpoint, the direction of zone move-
ment is usually best determined empirically. Because
some organic reagents contain small amounts of in-
soluble matter, it is often convenient to include a down-
ward zone pass somewhere in the processing schedule
of a charge. If it is desired to remove gases from the
product, an upward zone pass should also be included,
probably initially.

5. Zone Size

There is some confusion in the literature about the
desirability of small zones vs. large zones. This confu-
sion arises as follows. It may be intuitively seen that
the capacity of a zone to carry impurities increases with
its size. This fact has also been shown in this paper in
the section on theory. On the other hand, a large zone
gives more intermixing with the impure tail end of a
charge, thus reducing the ultimate purification attain-
able.

Therefore, the optimum operation of a zone refining
process, in which a single zone is passed repeatedly
through the charge, would be as follows. The first pass
would actually be directional freezing—the whole charge
would be melted and slowly frozen from one end. Zone
passes would then be made with the zones initially about
one-third of the total charge length and then decreasing
to as small values as possible. As a rough rule of thumb
the smallest zone length possible equals the diameter of
the container used, as shown in Fig. 8.

For zone refining processes in which many zones are
passed simultaneously through the charge, the analysis
is not so simple as the foregoing. To a first approxima-
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tion, the rate of purification at the beginning of a zone
refining operation is proportional to the number of
freezing interfaces present and to the total volume of
melt in the charge. Hence, the product of the number
of zones and the total melt volume should be made as
large as possible in order to maximize the purification
rate. Since the total volume of melt is proportional
to the product of the number of zones and the zone
length, the purification rate increases with the square
of the number of zones times the zone length. There-
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Fig. 9.—Frequency histogram of published data on zone lengths
used in zone melting experiments.

fore, the maximum purification rate is obtained when
the zones are spaced as close together as possible—
which usually entails a small zone size.

Experimental zone sizes are shown in Table II and
summarized in Fig. 9.

6. Container

Because of the usually high volatility of molten
organic compounds, open boats generally cannot be used
as containers for zone melting. Consequently, glass
tubes are usually used. Vycor and quartz have also
been used for their higher strength and purity (263,
196). To avoid breakage of the glass tubes, as dis-
cussed later, Teflon tubes have also been used (144, 193,
278). Metal tubes have been used but their disadvan-
tage is that the zone melting process and the possibility
of contamination cannot be seen (12).

If the yield is not critical, then the tubes should be as
long as practical, and at least ten times the tube di-
ameter. Longertubesguarantee less back-mixing of im-
purity from the tail of the charge, and hence greater
ultimate purification of the head of the charge.

Under free-convection conditions, larger diameter
tubes give greater stirring and greater separation. The
maximum size of the tube is limited by control of the

zone sizes and shapes of the solid-liquid interfaces,
which become increasingly curved as tube diameter in-
creases. In laboratory operations a 40-mm. i.d. tube is
probably the maximum that can be used, as shown in
Fig. 10. Tubes 10 to 20 mm. i.d. probably lie in the
most convenient operating range.

A serious problem in use of glass tubes is their break-
age. Often after the first pass, especially if the zone is
moved up, melting for a subsequent pass breaks the
tube as follows. If the solid adheres to the tube and ex-
pands upon melting, the resultant force on the tube is

i
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Fig. 10.—Frequency histogram of published data on Pyrex tube
diameters used in zone melting experiments.

sufficient to fracture it. The problem is more severe
with larger tubes, and apparently with high purity ma-
terials which seem to adhere better to the glass (102).
Numerous methods have been devised to avoid this
problem. Walter suggested the use of a close-fitting
glass plug with a rubber policeman at the end of the
tube, permitting expansion upon melting (263). Fer-
rin and Helm coated the tubes with “Dri-Film SC-87”
(General Electric Co., Silicon Products Division,
Waterford, N. Y.) to prevent adhesion of the organic
material (14). For horizontal zone refining, O’Neal de-
vised a hot finger to keep a space open above the charge
(161, 162). Lacey and Lyons provided a heater at the
top of a vertical tube of anthracene to prevent sub-
limation from plugging the top (127).

7. Temperatures

The temperatures and temperature gradients in the
zone melting system can greatly affect the success of the
operation. (Normally the temperature gradients are
far below the level required for appreciable thermal
diffusion. Consequently thermal diffusion effects will
not be considered.) As seen in the discussion on free
convection, a high temperature gradient at the freez-
ing interface usually gives better mixing in the zone.
Physically this means a large temperature difference



Zone MEeLTING OF ORGANIC COMPOUNDS 211

between the heater and the ambient or cooling chamber.
It also means a close fitting heater the same size as the
zone, such that the line of demarcation between heated
and cooled material is sharp.

As shown in section IIC7, a high temperature gradi-
ent also helps to reduce constitutional subcooling, which
can act to drastically reduce the separation.

A high temperature gradient is disadvantageous,
however, if the zone motion is not entirely smooth.
A high temperature gradient enforces any jerks in zone
motion, while a low gradient (because of latent heat ef-
fects) tends to smooth them out.

Above all, the thermal stability requirements of the
organic material must be considered. The zone cannot
be heated so hot that the compound thermally decom-
poses. As shown in section IV, related techniques
using solvents at lower temperatures may often be used
on such compounds.

Generally, a more critical consideration than the tem-
perature level of heaters and coolers is the temperature
control. Fluctuations in temperature lead to fluctua-
tions in the rate of movement of the freezing interface
and can greatly reduce the separation. The tempera-
ture of the heater can be controlled by any of the usual
techniques. Elaborate systems for sensing the speci-
men temperature, and thereby controlling the heater,
have also been devised. The simplest technique is to
keep a constant voltage input to a resistance heater.
A relatively cheap constant voltage transformer is
usually adequate. Control of the temperature of the
coolers, or room temperature in most cases, is almost
as important as the heater control. Long term fluc-
tuations (hours) should ideally be kept below about
0.2° and short term fluctuations (minutes) below about
0.01°. The sample should also be kept shielded from
drafts or similar uncontrolled factors which would af-
fect the heat transfer to or from it in any way.

The melting point and the heat-transfer character-
istics of a zone refined sample normally vary with posi-
tion. Because of this the zone size also varies with
position. This does not greatly affect the separation,
althoug" it influences the concentration profile ob-
tained. Some effort has been expended toward cor-
recting for these effects and maintaining a constant
zone size (184-186).

8. Equipment

Generally each experimenter has constructed his own
apparatus. These are summarized in Table V. The
basic design is quite simple. The heater is nearly al-
ways an electrical resistance heater and is concentric
to the tube containing the material to be refined. For
most materials special coolers are not provided, the
ambient temperature being low enough. To provide
zone motion, either the heater or the tube may be
moved, the results being identical. Motion is usually

TaBLe V
SPECIAL FEATURES IN LABORATORY ZONE REFINERS
Feature References
Heater design 25, 55, 60, 81, 94, 95, 97, 98, 188,
195, 211
Temperature control 184-186

Zone travel mechanism

Automatic multipass

Devices to avoid tube break-
age

Complete apparatus

25, 97, 190, 281, 295
97, 98, 188, 190, 227
14, 144, 161, 162, 195, 263

12, 14, 25, 33, 60, 97, 98, 151,
188, 211
Simple demonstration appa- 101
ratus
Small-scale apparatus
Low temperature apparatus
Variations

25, 94, 190, 202, 205, 207, 281
12, 14, 60, 199, 238, 281, 296
179, 200, 238

provided either by a rotating threaded shaft or by wind-
ing cord on a rotating spool and hanging the tube by the
cord. The apparatus becomes more complex when
provision for automatic switching and recycle is made.

A commercial apparatus coming into usage recently
is sold by the Fisher Scientific Company (97). It has
been modified in several ways by different experi-
menters. Wilcox has installed a lower speed drive
motor to change the minimum zone travel rate from 6.4
to about 0.8 mm./hr. (278). A Sola constant voltage
transformer was also provided for the power input.
Walter installed a bridge-type rheostat in series with
the original one on the heater to give more sensitive
control of the heat input (263). He also modified
the air-cooling ring manifold to give a more constant
zone size. Changes to permit processing three tubes
simultaneously were made. Brown added a third zone
together with individual controls and ammeters for
each zon -~ and a cycle counting device (33). Gumprecht
provided for counting the number of cycles by installing
a thermocouple near the end of the tube and wiring it to
a recorder (90, 91).

Other commercial zone refiners suitable for organic
compounds are sold by J. Herrmann-Horitz (40, rue
Pascal, Paris XIIIe, France) and by Baird and Tatlock
(Freshwater Road, Chadwell Heath, Essex, England)
(77).

B. COMMERCIAL PURIFICATION AND ECONOMICS

Small lots (2-0.5 g.) of a few zone refined organic
chemicals are commercially available at prices at about
$1.40 per gram (72). Zone refined naphthalene in 50-
g. lots sells for $0.80 per gram (219). These materials
were prepared by the usual laboratory zone refining
techniques. It is clear that such a process is relatively
expensive.

In the drive to reduce the cost of refining organic
compounds by fractional solidification, zone refining
has been greatly modified, and related processes have
been invented (171). Some of these are summarized in
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Table VI. In 1958, a review of industrial equipment
was made by Findlay and Weedman (70). Schoen, et
al., make a yearly review of crystallization, including
zone melting and related industrial processes (89,
214-216).

TaBLE VI
COMMERCIAL FRACTIONAL SOLIDIFICATION EQUIPMENT
DEesians
Feature Referencee
Batch zone refiners 204

37, 117, 150, 168, 171, 173, 174, 267
205, 206, 208, 210

Continuous zone refiners
Column crystallization

Rotary drum 19, 50, 171, 270
Fractional freeze-melt 73, 77, 153, 181, 234, 235
Miscellaneous 20, 70, 71, 73, 75, 77, 84-86, 96, 121,

142, 143, 153, 156, 181, 183, 233—
235, 240, 243, 259, 264, 280, 295

One of the processes closest to simple zone refining
is the multistaged semicontinuous zone-void refiner
(167, 170, 171, 270). A cost of about $2.50 per pound
of product was estimated for the separation of 500,000
1b. per year of 19, (by weight) S-naphthol in naph-
thalene into 0.19, (by weight) S-naphthol and 309
(by weight) 8-naphthol (270). It should be noted, how-
ever, the 8-naphthol is isomorphous with naphthalene,
and the distribution coefficient % is an unfavorable 1.85
in the above concentration range. For an equivalent
eutectic-forming system, the cost should be approxi-
mately an order of magnitude below this.

A continuous vertical tube zone freezing unit has
also been used for purification of saline water (150).
A cost of about $4.21 per 1000 gal. of product was esti-
mated for a plant producing 107 gal./day of water con-
taining 500 p.p.m. of dissolved solids from sea water.

Quantum, Inc. has developed a horizontal continu-
ous zone freezing unit for purifying liquids (63, 179).
It was estimated that a unit to produce 10 lb. per hour
would cost about $10,000. Further cost estimates are
not available.

A promising development has been a rotary drum
crystallizer (18, 50, 180, 270). In principle, this ap-
paratus is the same although different enough in ap-
pearance so that it is no longer called a zone refiner.
A cost of $0.038/1b. has been estimated to produce
5.7 X 10% lb./year of 99.5% pure naphthalene from
959, naphthalene-5% benzoic acid (50).

Other fractional solidification processes further re-
moved from zone melting have been developed for in-
dustrial separations. Some of these are already in use.
One is the Proabd Refiner, offered by Chemical Engi-
neering Wiltons, Ltd. (77, 153, 234, 235). It consists
simply in slowly freezing the organic material, and then
slowly melting and drawing off the impure melt first.
Units are already in use industrially. Although no cost
figures have been published, purification of naphthalene
and benzene is claimed to be economical.

Schildknecht has devised a continuous process called
‘“column crystallization,” which is apparently quite
successful (205, 206, 208, 210). No cost data are
available, however.

Judging from the devices which have already come
forth, there is almost no limit to the varieties of equip-
ment for fractional solidification that ingenious workers
may devise. Zone melting and related fractional
solidification techniques are clearly of lasting interest
for industrial separations as well as for laboratory puri-
fication.

VI. SUMMARY

In this paper many important aspects of zone melting
and related techniques have been critically reviewed.
It was shown that these techniques have in common a
partial or complete separatien (segregation) of the
components of a mixture at a solid-liquid interface
during crystallization. Together they form a general
and powerful group of fractionation processes, com-
parable to distillation.

The root of the segregation phenomenon was shown
to be the mixture’s phase diagram. Because most
organic compounds have eutectic-type phase diagrams,
their zone melting behavior was predicted to be quite
different from that of metallic or semiconductor mix-
tures, which generally exhibit considerable solid solu-
bility.

It was explained that the degree of separation at-
tained in zone melting depends not only on the phase
diagram but also on the mass transfer conditions in the
zone. Consequently, the theoretically predicted ef-
fect of different mass transfer conditions on the separa-
tion was reviewed in some detail. The scant experi-
mental data available did not confirm these predictions
for eutectic-forming systems. This Jack of agreement
was attributed to a phenomenon known as “constitu-
tional subcooling.” It was concluded that new theo-
retical developments are needed to account quantita-
tively for the effect of this phenomenon on the separa-
tion. An attempt to achieve ideal thermodynamic
equilibrium between freezing, solid, and bulk zone was
also suggested to be very worthwhile, particularly in
order to obtain ultrapure organics.

The various requirements for ultrapure organics were
reviewed. A particularly extensive coverage of the
need for ultrapure pharmaceuticals was included. In
the same section various methods of defining and meas-
uring ultrapurity of organic compounds were dis-
cussed.

Zone melting was shown to have several applications
other than ultrapurification. No doubt many other
applications await discovery. Several variations of the
basic zone melting technique were also described. With
these related methods virtually all organic compounds
can be refined.
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A detailed and critical survey of the practical prob-
lems involved in zone melting of organic compounds
was given. A summary was made of operating data
reported to give successful purification of organic com-
pounds. Finally recommendations were made for op-
timum operating conditions.

Commercial equipment related to zone melting was
reviewed briefly. The small amount of cost data avail-
able was given. From this it was concluded that some
of the industrial processes inspired by zone melting
are definitely economical. In fact, at least one is al-
ready in use.

In the appendixes a list of organic compounds suc-
cessfully zone refined and a list of zone melting failures
are given.

| VII. Grossary oF TERMS

Boundary layer.—A stagnant layer in the liquid or molten zone
at the freezing interface. This layer is always present despite
mixing in the zone, although it decreases in size as the amount of
mixing increases.

Bulk zone.—The molten or liquid zone, excluding the boundary
layer at the freezing interface.

Charge.—The original sample or material that undergoes the
zone refining process.

Concentration profile.—The concentration of impurities vs. dis-
tance along the charge.

Coring.—A procees in which the freezing interface is concave
into the solid because of heat transfer effects. In single crystal
growth this leads to great differences in segregation between
center and outer portions of crystal.

Constitutional subcooling.—A phenomenon in which the im-
posed temperature falls below the melting point in a region near
the freezing interface. This is caused by an interaction between
segregation and heat transfer.

Directional freezing.—In a liquid, the slow freezing of the solu-
tion starting from one end.

Directional solidification.—The liquefaction of a solid and its
progressive freezing from one end.

Distribution coefficient.—The ratio of impurity concentration
in the freezing solid to that in the bulk liquid phase.

Freezing interface.—The solid-liquid interface at which freezing
occurs.

Ideal conditions.—Conditions necessary to guarantee thermo-
dynamic equilibrium (according to phase diagram) between bulk
zone and freezing solid.

Mass transfer.—The movement of impurities from the freezing
interface, through the boundary layer, into the bulk zone.

Progressive freezing.—In a liquid, the slow freezing of the solu-
tion starting from one end.

Progressive solidification.—The liquefaction of a solid and its
progressive freezing from one end.

Segregation.—Freezing of a solid of composition differing from
the liquid from which it solidifies.

Segregation coefficient.—The ratio of impurity concentration in
the freezing solid to that in the bulk liquid phase.

Thermal analysis.—A method used to determine phase diagrams
by plotting temperature against time at different concentrations;
also a highly developed technique for determining purity.

Ulirapurity.—Materials whose contaminants have orders of
magnitude in or less than the p.p.m. range (500 p.p.m. arbitrarily
chosen as the upper limit of ultrapurity).

Vapor zone refining.—A zone fractionation process for volatile

organic compounds where the heated zone causes sublimation
across a gap where it is collected: a vapor zone instead of a liquid
zone.

Weight fraction.—Weight of component A/weight of total
components.

Zone freezing.—A liquid zone is passed through a frozen charge
of a solution melting below room temperature.

Zone leveling.—A method used to obtain uniformity of distri-
bution of remaining impurities throughout the charge (usually
used after zone melting).

Zone melting.—A general method where a heated zone is passed
slowly through a solid charge, such that segregation of impurities
occurs at the freezing interface (usually understood to include
zone freezing).

Zone pass.—Passage of a single zone entirely through the
charge.

Zone refining.—Zone melting (or freezing) used for purification.

Zone precipitation.—The use of a volatile solvent added to a
charge such that a lower temperature is needed to pass the heated
zone through the sample; applicable to noncrystalline and heat-
labile organic compounds.

VIII. AppENDIX A. Orcanic CoMPOUNDS ZONE
REFINED

Organic compounds which are reported to have been
successfully zone refined are listed in Table VII by their
approximate melting points. Figure 11 shows the fre-
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Fig. 11.—Frequency histogram of melting points of organic
compounds reported to have been purified successfully by zone
melting.

quency distribution of the compounds by their melting
points. It is seen the melting point range most fre-
quently used was 50 to 75°. The reasons for this are
probably: (a) Use of coolant for zone refining com-
pounds melting below room temperature is less con-
venient than operating without coolant for higher melt-
ing compounds. The difficulty increases as the melting
point decreases. (b) High melting organic compounds
are both less common and tend to be less thermally
stable at their melting points than those melting closer
to room temperature.
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102, 287
287
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12,14
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208
24,196
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7, 189, 209, 237,
238, 282, 297
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287
203
282,297
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237,238
202
296
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282
297
237
282
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138
282

60, 91, 205, 236, 282

102
197
203
282
282
24,196
24,196

282
102
235
282
287
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202, 209
282

102

30, 36
202

55

12

2, 29, 196
282

91, 282
197, 282
2,29, 196
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Tasre VII
Oraganic CoMPOUNDS ZONE REFINED
v,
Compound M.p.,, °C. mm./br.
Ethanol —115
m-Xylene —54
Methyl methacrylate —50 300
Styrene =31
1-Methylnaphthalene -30 0.83
n-Decane —-30
0-Xylene —-29
3-Methylpyridine —18 106
Neopentane -17
Piperidine -9
Aniline —6 25
4-Methylpyridine 3.8 52
Benzene 5.5 3-50
Nitrobenzene 5.7
Cyclohexane 6.5
Formic acid 8.4
Acrylic acid 12
Dioxane 12
m-~Cresol 12
p-Xylene 13 3
Acetic acid 17
Vinylene carbonate 22 25
Isoquinoline 23
2,4-Xylenol 26
Diphenylmethane 27
p-Bromotoluene 28 3
0-Cresol 30 48
o-, p-Nitrochloro- 33, 84
benzene
2-Methylnaphthalene 35 52
p-Cresol 36
Phenol 41 21-38
1-Indanone 41
Lauric acid 44
Thymoquinone 45
1-Phenylnaphthalene 45
p-Ethylphenol 46
Cetyl alcohol 49 25
2-Methyl-4- 49 25
chlorophenol
2,6-Xylenol 49
2,6~-Dimethylphenol 49
4-Chloro-o-cresol 49 20
Camphene 50
1-Naphthylamine 50
Benzenesulfonic acid 50 38
Benzophenone 51 3
4-Indanol 51
3-Ethyl-5-methyl- 52
phenol
Pentamethylpyridine 52 30
hemihydrate
4~Chloro-1,3-dinitro- 52
benzene
p-Dichlorobenzene 53 25
Indole 53 25
Dibenzyl 53 25
5-Indanol 55
o-Phenylphenol 56 38
Myristic acid 58
p-Anisidine 59 25
Stearyl alcohol 59 1

207

TasLr VII (Continued)

Compound
Octadecanol-1
Maleic anhydride
2-(a-Methyleyelo-

hexyl)-4-methyl-
phenol
Tolane
Tiglic acid
Palmitic acid
3,4-Xylenol
3,4-Dimethylphenol
3-Methylphenanthrene
Azobenzene

3,5-Xylenol
3,5-Dimethylphenol
Stearic acid
CxH,OH

Cle(aOH
Caprolactam
Diphenyl sulfoxide
2,4~Dinitrotoluene
Diphenyl

C»HiOH

CxHOH
2,5-Xylenol
2,3-Xylenol
2,5-Dimethylphenol
CouH,,OH
CaH,OH
Naphthalene

Durene

Hexacosanol

Acetamide

CxHiuOH

C»Hs:0H

Vanillin

CyHeOH

Fluorenone

p-Tolylmethyl sul-
fone

Hexacosyl hexacosan-
ate (wax of insect
Eriopeltis festucae)

CZ9H59OH

N,N-Dimethyl-p-
nitrosoaniline

CsHyOH

m~Terphenyl

3,5-Dimethylphenol

9-Methylecarbazole

Imidazole

Skatole

Acenaphthene

Benzil

2,3,5-Trimethylphenol

Flavone

Azulene

p-(t-butyl)phenol

Phenoxyacetic acid

M.p. ,°C.

60
60
60

62
64
64
65
65
65
69

68
68
70
70
70
70
70
71
71
74
74
75
75
75
77
78
80

V.
mm./hr.

25
25
25

3-25

95
10
10

25

25

25

25

25

25
25

References
289
24,196
24, 196

202

203, 208

197

282

204, 208

282

24, 196, 203, 205
209

282

102, 202, 205

197, 287-289

207

207

203

136

202

278, 282, 287

207

207

282

282

24,196

207

207

24, 30, 36, 55, 72,
76,77,113, 144,
155, 164, 190,
196, 203, 209,
263, 270, 282
285-288

282, 287

202

24,196, 205

207

207

72, 238

207

24,196

135

202, 212

207
24,196

207
282

205
12, 14
2,32
24,196
282
209, 282
282

203
203, 287
24, 196
24,196



Taswe VII (Continued)

Compound

1-Hydroxanthraqui-

none
Phenanthrene
Aldrin
o~-Diaminobenzene
2-Phenylnaphthalene
Acridine
2,3-Dimethylindole
Resorcinol
Naphthylamine
Fluoanthene
Lindane
Antipyrine
Acetamide
Acetanilide
2-Nitro-4-methylaniline
Cholesteryl acetate
4~Chloro-2-nitroaniline
p-Benzoquinone
Fluorene
Dichloromaleic anhy-

dride
Benzoic acid

§-Naphthol
Stilbene

Diphenyl sulfone
Extract of water beetle
g-Sitosterol
Benzamide
Progesterone
Urea
Cinnamic acid
Sitostearic acetate
Dimethyl terephthal-
ate
1-(p-Tolyl)-3-methyl-
5-pyrazolone
Methylaniline
Cholestanol
Anthranilic acid
p-Nitroaniline
Diphenylacetic acid
Cholesterol
Pyrene
2-Methyl-4-nitroaniline
Testosterone
4-Aminoquinoline
Di-p-tolyl sulfone
Salicylic acid
1,1’-Binaphthyl
1:2-Benzanthracene
o-Iodobenzoic acid
Stigmasterol
Pyrazolone
Sulfanilamide
1-Chloro-2-methyl-
anthraquinone
Hexamethylbenzene
p~-Bromoacetanilide
1-Methylamino-
anthraquinone

M.p., °C.

100

100
101
102
103
108
108
110
110
110
113
114
114
114
114
114
115
116
116
119

122

122
124

125
128
129
130
130
133
133
137
140

140

141
142
145
148
148
151
152
152
153
154
158
159
160
162
162
164
165
165
165

166
168
170
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v,
mm, /hr.
25

25
25

25
25

25
15

25

25

25

6-25

25

25

25

References

24,196

24,196, 203, 282
24,196

203

282

162

24, 196
24,196

287

282

102

24,196

203, 288, 289
72

24,196

205

24,196

205

282

24, 196

24, 72,94, 113, 144,
196, 229, 232
288, 289

102, 270

128, 204, 205, 209,
238

135

208

263

24, 196

263

24, 196

202

205

24, 160, 196

24,196

24,196
263

24,196

24,196

24,196

203, 204
24,94, 196, 287
24,196

263

287

135

72, 288, 289
282

24,196

72

263

24, 196

55, 72, 288
24,196

287
55,72, 288
24,196

TasLe VII (Continued)

Compound
Benzanthrone
Hydroquinone
Acetamide
Phenazine
Diethylstilbesterol
Camphor
p-Chloroacetanilide
Phenothiozine
Succinic acid
p-Fluorobenzoic acid
Hexestrol
2,2’-Binaphthyl
2-Phenylindole
Triphenylene
1-Amino-2-methyl-

anthraquinone
1,8-Dihydroxy-

anthraquinone
o-Terphenyl
Anthracene

1-Amino-2-cyano-
anthraquinone
Carbazole
Chrysene
1,4,5-Trichloro-
anthraquinone
p-Todobenzoic acid
1,5-Dihydroxyanthra~-
quinone
Anthraquinone
Sexiphenyl (coronene)
6-(-Butyl)-5-indanol
¢is-, trans-g8-Chloro-
crotonic acid
§-Cyanovaleramide
9-Ethyl-10-methyl-
phenanthrene
3-Methoxybenz-
anthrone
2-Methyl-4-chloro-
phenoxyacetic acid
2-Methyl-4-chloro-
phenoxypropionic
acid
3-Methyl-5-ethyl-
phenol
1,2,3,5,7-Penta-
methylindole
1,3,5,7-Tetramethyl-
indole

M.p., °C.

170
171
171
171
177
177
179
180
185
186
187
188
189
199
202

210
213
220
236
246
253
260

271
280

a

a

v,
mm./hr,

25

25

6.2

25

25

6-25

25

25

25

6-25
30

25

25

25

25

215

References
24,196
203
24,196, 202
1,199
263
72
55,72, 288
31
24,772,196
55,72, 288
263
282
14
282
24,196

24, 196

128,138

24, 72, 94, 105, 128,
161, 199, 223,
282, 287, 288, 289

24, 196

282

04,287

24,196

288, 289
24,196

24, 55,72, 196, 288
159
282
208

24,196
282

24, 196
282

282

282
24,196

24, 196

¢ Melting points unknown, listed in alphabetical order.

IX, ArreEnpIx B. FAILURES oF ZONE MELTING

Zone melting is not a completely general purification

technique.

As shown in Table VIII numerous in-

stances of the failure of zone melting to affect appreci-
able purification have been reported. No doubt many
other instances of failure have not been reported. Nev-
ertheless, most of these failures need not have occurred,
as presently explained.
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TasLe VIII
Organic CoMPOUNDS AND MIXTURES NOT APPRECIABLY
REFINED BY ZONE MELTING

Reaeon
v, for Refer«
Compound mm./kr.  failure® ences
Aminopyrine 20 tf 263
Antipyrine 20 tf 263
Aromatic with Br or OH (fre-
quently) 30 tf ord 36
Benzocaine 20 tf 263
Betazol hydrochloride 6.2 d 83
Chlorpheniramine maleate 6.2 d 83
Chlorpromazine hydrochloride 6.2 d 83
Cholestonol 20 tf 263
Cholesteryl benzoate with 2%
cholestanol 6.2 tf 263
Cholesteryl benzoate with 10%,
cholestanol 3.9 tf or p 263
Cholesteryl benzoate 6.2 tf 263
Cholesteryl stearate 20 tf 263
Cyeclizine hydrochloride 6.2 d 83
Desoxycorticosterone 6.2 d 83
Dibycaine hydrochloride 6.2 d 83
Doxylafine succinate 6.2 d 83
Ethiny] estradiol 6.2 d 83
Hexestrol 2.0 tf 263
Hexylresorcinol 6.2 tf 263
Hippuric acid d 107
Isoproterenol hydrochloride 6.2 d 83
Levallorphan tartrate 6.2 d 83
Levaterenol bitartrate 6.2 d 83
Medizine hydrochloride 6.2 d 83
6-Mercaptopurine 6.2 d 83
a-Naphthyl benzoate 6.2 d 83
Orcinol (some) 30 tford 36
Phentolamine methanesulionate 6.2 d 83
Prochlorperazine maleate d 83
Promethazine hydrochloride 6.2 d 83
Pyrimethamine 6.2 d 83
Sterol mixtures tf 191
Testosterone enanthate 6.2 d 83
Tetrocaine hydrochloride 6.2 d 83
Tolazoline hydrochloride 6.2 d 83
Trihexylphenidyl hydrochloride 6.2 d 83
Tripelennamine 6.2 d 83
Tripelennamine citrate 6.2 d 83
Vioform 6.2 d 83
Warfarin sodium 6.2 d 83

¢ Most probable reason for failure as given either by quoted
author or by present authors: d means the compound was ther-
mally unstable, tf means the zone travel rate was too high, p
means the composition was probably near the eutectic composi-
tion.

There are only two basic reasons for the failure of
zone melting to purify a crystalline compound: (a)
The compound is unstable at or slightly above its melt-
ing point. (b) The starting composition is near that
where solid and liquid in equilibrium have the same
composition (e.g., the eutectic composition). Both of
these limitations can often be overcome by use of a sol-
vent in the related technique ‘‘zone precipitation,” as
described in section IVB.

Conditions which may make the separation difficult

are: (a) unfavorable phase diagram, 7.e., a solid solu-
tion is formed with a distribution coefficient near unity;
(b) very low diffusion coefficients for the impurities in
the melt. This can be expected for compounds with a
high molecular weight and/or a high melt viscosity.
These conditions do not, however, mean that puri-
fication is impossible. They merely necessitate a low
zone travel rate and possibly a high number of zone
passes with a long charge. It should never be con-
cluded that zone melting is inapplicable for a particular
purification until zone travel rates below 1 mm./hr.,
with at least ten zone passes, are employed.
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