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Purification by Sublimation

CLAIRE A. HOLDEN and HOWARD 8. BRYANT

MOBIL CHEMICAL COMPANY
EDISON, NEW JERSEY

Summary

Sublimation is a unit operation that could receive much greater attention
in the future as a purification method. From a frequent batch process
used for simple separation of a desired volatile constituent from a non-
volatile impurity, sublimation can progress to continuous, multistage
methods for fractionating materials of differing volatility on a large in-
dustrial scale. This will be particularly important for materials that
decompose at temperatures below the melting point and that have low
solubilities in common solvents. More experimental information, par-
ticularly as regards the factors influencing the condensation of solids from
the vapor, would be of value in design of equipment.

INTRODUCTION

Sublimation is of particular interest as a future large-scale purifica-
tion method. Sublimation is normally used when the material to be
purified is unstable, i.e., temperature- or oxidation-sensitive at temper-
atures near to or below the triple point (1) or when the more conven-
tional separation methods of distillation, solvent extraction, adsorption,
ete., are either impossible or highly expensive. As a general rule, it is
understood that a substance may be considered for sublimation
purification if it is normally solid and has a reasonably high vapor
pressure at moderate temperatures (economics are strongly influenced
by vapor pressure as discussed below). Certain compounds listed in
the literature as amenable to purification by sublimation are listed in
Table 1.

A definition of terms is useful because the word sublimation has been
used to describe the vaporization process alone as well as the entire

1
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TABLE 1
Materials Mentioned in Patent Literature on Purification by Sublimation®

Aluminum chloride (£0) Naphthalene (35)

Anthracene (21, 22) B-Naphthol

Anthranilic acid Phthalic anhydride (11, 36)
Anthraquinone (283, 24) o-Phthalimide (37)
Benzanthrone (25) Pyrogallol

Benzoic acid (26, £7) Salicylic acid (38, 39)

Calcium (28, 29) Bulfur (40-48)

Camphor (30) Terephthalic acid

Chromium chloride (31) Titanium tetrachloride (20, 43)
Ferric chloride (20) Thymol

Iodine (32, 33) Uranium hexafluoride (44)
Magnesium (34) Zirconium tetrachloride (45, 46)

s Literature references in parentheses.

operation of both vaporization and condensation (2). In the following
discussion, the terms solids vaporization and solids condensation will
be used to avoid confusion. Equally acceptable would be use of
sublimation and desublimation for vaporization and condensation,
respectively.

The term entrainer is used for the inert gas that, through dilution,
lowers partial pressure of the vaporized solids at some distance from
the vaporizing surface and hence increases vaporization rates and
transports the vapor. The term cooling diluent is used for the inert gas
or liquid added for condensation of the vaporized solids.

In addition to purification situations, various parts of the solids
vaporization and condensation operations can also be of interest in:

1. Meteorological applications (solids condensation).

2. Vapor deposition of metals (solids condensation). A related ap-
plication is fluid coking in the petroleum industry.

3. Freeze drying where ice is sublimed from a desired food or anti-
biotics produet (solids vaporization).

4. Engineering research where the vaporization of solids offers a
convenient means of measuring mass-transfer rates (3, 4). The object
can be prediction of heat transfer or fluid friction by analogy (solids
vaporization).

5. Carrying out chemical reactions not feasible in the solid state
(solids vaporization and condensation).

This list is probably not complete but is illustrative of the diversified
applications of this technology.
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The present review involves an examination of the conditions under
which sublimation can be used as a process for purification. Attention
will be focused on what a sublimation process looks like and the varia-
tions in choices of engineering designs. An attempt will be made to
emphasize those areas in which more fundamental information is
needed if this purification process is to become more useful in the
future.

THE PURIFICATION PROCESS

There are several types of purification situations that may be

-amenable to sublimation methods. The sequence of operations and the

general complexity of the process and plant will vary among the three
situations described below.

The first is the removal of a nonvolatile impurity from the desired
volatile product. Operations were usually batch and without entrainer,
and the nonvolatile impurity would be either removed as a residual
ash from the vaporizer or filtered from the vaporized solid. Condensa-
tion, generally also a batch operation, would be a total condensation.
Most early patent references are for this process.

The second condition involves the removal of an impurity that may
be more or less volatile than the volatile solid that is the desired
product. This would require a fractional condensation of solids, often
in the presence of a cooling diluent. The major industrial example here
is the continuous purification of salicyelic acid by removing the more
volatile phenol impurity.

The third purification method, which is the general situation, in-
cludes the removal of three or more separate impurities that are non-
volatile, less volatile, or more volatile than the desired solid volatile
product. No industrial examples of this type are known but this
method can become of interest in the future. This is the situation to be
discussed here and is the one for which a general flow sheet is shown
in Fig. 1. One stage of sublimation purification is shown in Fig. 1, but
a specific purification process may require one or more such stages. In
addition to the two major operations of solids vaporization and con-
densation, a number of other operations such as gas-phase filtration,
vacuum generation, off-gas scrubbing, ete., may be involved. Attention
in this discussion will be limited to the vaporization and condensation
operations. The temperature history of the solid to be purified is shown
in Fig. 2 for an operation of the type shown in Fig. 1 using both en-
irainer and cooling diluent streams.
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FIG, 1. Sublimation purification—general block flow diagram.

THE VAPORIZATION OF SOLIDS

The first operation in a sublimation-purification process is the total
or partial vaporization of the impure solids fed to the process. For
design of the vaporization equipment several basic decisions are re-
quired concerning the temperatures and pressures at which vaporiza-
tion will take place and the type of equipment to be used.

The Vaporization Temperature

Vaporization temperature, i.e., solids vapor pressure, can strongly
affect the economics of a sublimation-purification facility. If a high
temperature is required to achieve reasonable vapor pressures, capital
and operating costs also increase.

The Vaporization Pressure

Vapor pressure is another important factor in the success of purifica-
tion by sublimation. Low vapor pressures in the vaporizer must be
compensated for by using higher vacuum or larger entrainer gas rates
to increase the vaporization rate and transport the vapor molecules
to the condenser at a reasonable rate. The choice between the use of
vacuum or of entrainer gas must consider the relative advantages of
each:
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Advantages of an Entrainer:

1. Avoids equipment for produetion of a vacuum, avoids in-leakage
and sealing problems; permits simpler vessel design.

‘2. Moare amenable to continuous operation.

3. All or part of the heat required for vaporization can be added as
sensible heat of the incoming entrainer gas.

4. The entrainer gas can, in continuous operations, be used as a
carrier gas to transport solids to, or through, the vaporization
equipment,

5. If a particular atmosphere is necessary to avoid decomposition
during vaporization, carrier-gas composition can be selected to provide
the mass-action effect desired. If, for example, the decomposition
problem were dehydration of the solids feed, then the entrainer gas
could contain sufficient water vapor for prevention.

6. Dispersion in an entrainer gas (dense or dilute phase) during
vaporization can provide closer temperature control. This is particu-
larly important when the vaporizing solids are heat sensitive.

7. The entrainer gas can constitute all or part of the dilution some-
times necessary during fractional condensation to achieve the stage
purification desired (5).

Yaperization Complete
Superhnat

- uz;xw

PARTIAL PRESSORE OF DESIRED COMPONENT

\-l:uliu Dilwent Added

v Rumbers refor ta positiont o
the Tlowshest of Figurs |

Tompurature

FIG. 2. Typical temperature profile for a sublimation-purification process.
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Advantages of Vacuum:

1. Avoids need for another flow stream and other compounds in the
system.

2. Reduces cooling duties in condensation; no entrainer gas to be
cooled or condensed.

3. Avoids dilution of vapors entering the condenser. Dilution due to
presence of entrainer gas can adversely affect condensation rates and
size and shape of the condensed solids.

4, Total recovery of product is often higher. The fraction of desired
product uncondensed per pass through the solids condenser will be
greater in entrainer vaporization. Hence, recirculation of entrainer is
usually necessary to minimize product losses.

Vaporization Equipment

The type of vaporization equipment to be used must take into
account that solids may be continuously vaporized in a variety of
ways:

1. A bed of dry solids, without entrainer gas. This is the simplest
arrangement.

2. Dry solids suspended in a nonvolatile heavy liquid.

3. Solids suspended in a boiling (entrainer) liquid. Entrainer gas is
formed in situ.

4. Entrainer gas flowing through a fixed bed of the solids to be
vaporized.

5. Entrainer gas bubbling through the melted solids. A situation
where vaporization takes place above the triple point.

6. Entrainer gas flowing through a dense phase of the solid to be
vaporized, e.g., fluidized bed or spouting bed.

7. Entrainer gas flowing through a dilute phase of the solid to be
vaporized, e.g., a transfer-line vaporizer where both solid and gaseous
phases are in cocurrent flow or a raining solids unit where the solids
and entrainer may be in countercurrent flow.

THE CONDENSATION OF SOLIDS

The condensation operation is particularly important since the con-
ditions affect not only condensation rates, and hence equipment size,
but also physical properties and ease of collection of the final product
(6). The condensation operation can be affected by the method of
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cooling, the conditions of temperature and pressure, ete., and by the
nature of the condensate, e.g., whether a solid solution or mechanical
mixture of desired product and impurities.

The Method of Cooling

In general, cooling for solids may be achieved in the following three
ways (7):

1. Cooling through a surface is often the simplest but can involve
provision for mechanically cleaning the surface to maintain heat-
transfer rates and to remove product.

2. Cooling by dilution may be achieved when the coolant is a
vaporizable liquid or a lower-temperature liquid or noncondensible
gas. In the case of a liquid, the product would be removed from the
condenser as a slurry. If a vaporizable liquid or noncondensible gas
is used, the product could be removed in the dry state.

3. Cooling by expansion through a nozzle has the disadvantage of
requiring either higher pressure in the vaporization operation (which
must be compensated for by higher temperature or dilution) or a lower
pressure in the condenser (requiring a vacuum) in order to obtain
sufficient cooling by expansion.

General Conditions

Concerning conditions for the condensation operation, the rate of
crystal formation depends on properties of the condensing compound,
the presence of nuclei at the condensing surface, pressure, and temper-
ature (8). The condensation of solids from the vapor can be considered
to involve the following three processes (9) :

1. Formation of new solids particles from the vapor—nucleation.

2. Deposition of condensing solids into existing solids—particle
growth.

3. Collision or coalescence of two particles to form a larger par-
ticle—agglomeration.

The number and shape of the crystals of condensed solids depends on
the rate of nucleus formation (nucleation) relative to that of crystal
growth (particle growth), and on total condensation rates per unit
volume of condenser (agglomeration).

The first two processes listed above can occur in succession but more
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FIG. 3. Dendritic growth of a crystal.

often take place simultaneously and are thus frequently in competi-
tion. The particle-growth process is preferred in most cases, since it
leads to larger particles (generally 30 u or larger) which are easier to
collect, convey, etc. A slow growth is conducive to perfection of shape.
Crystallization from vapors frequently follows the dendritic pattern
shown in Fig. 3 (10). The main stem grows quite rapidly in super-
cooled systems, followed first by primary branches at a slower rate
and then by the secondary branches. In later stages of growth, branch-
ing ceases and the spaces between branches fill in, eventually tending
toward the spherical shape. The holding of condensed solids at tem-
perature for longer periods of time can promote the revaporization
from high-curvature surfaces of higher fugacity, together with conden-
sation on surfaces of lower curvature. The larger particles thus grow at
the expense of the smaller ones, which eventually disappear, and the
remaining particles tend toward increased sphericity. This treatment
has been cited in the condensation of phthalic anhydride from the
vapor (11).

The pattern of cooling for condensation, particularly initial cooling,
is important because it affects the relative rates of nucleation and
particle growth mentioned above. Several types of eooling curve are
shown in Fig. 4. These curves are all for a simple condensation in
which all heat would be removed through condenser walls and no
dilution would take place. If a cooling diluent were used, the curves
would be directed downward and to the left as in Fig. 2. In Fig. 4,
curve AB represents a thermodynamically reversible process in which
the various phases are in equilibrium at all times. Curve AC of Fig. 4
shows more rapid condensation, which would involve some degree of
supersaturation. Curve AC can result in a final product in “sintered”
form (12). This occurs because the liquid phase first formed in this
cooling path aggregates a number of the solid particles subsequently
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formed. The liquid subsequently solidifies, giving the solid form. If this
sintering is undesirable, it can often be avoided by diluting the in-
coming vapors with a hot fluid before the cooling diluent is added (13).
This has the effect of moving the curve downward (and possibly to the
right) from point A in Fig. 4 so that subsequent cooling can be below
the triple point. On the other hand, the sintering effect can be desir-
able, since it reduces the number of small particles. Supersaturation
(as in Curve AC) tends to create many small particles.

It is generally desirable to vaporize the solids at as high a temper-
ature as possible and particularly at temperatures above the triple
point (as in Curve AC) because:

1. Entrainer-gas requirements are reduced, because of the higher
vapor pressure.

2. The melting that occurs during vaporization can be beneficial to
heat transfer in vaporization.

3. The melting that occurs during condensation can be beneficial to
particle size of condensed solids due to “‘sintering.”

Often, however, it is ncessary to vaporize below the triple-point
temperature (as shown in Fig. 2). Examples are cases in which the
triple point is very high or does not exist, i.e., decomposition takes
place below the triple point.

== Reversible Path Liquid
«ms |rreversible (Supersaturation)
- '_.'-'=='-"-'=a A
. V)
Solid s Triple Point
Total ’
Pressure ! Vapor
K/
c
B
-.-I-U-l-‘-l-.-l-l-l-l-=
. - =t )
!“
%
F E
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F1G. 4, Cooling curves for solids condensation without dilution.
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Nature of Solids Condensate

The nature of the solids condensate affects the type of crystals
formed and denotes the difference between a solid solution or a mere
mixture of pure crystals. The former is to be preferred, since it permits
control of crystal composition. Usually a simple experiment will suffice
to determine which situation exists. If solid solutions are formed,
vapor-solid equilibria data can be obtained by common methods.

EQUIPMENT DESIGN

The U.S. patent literature shows many examples of simple equip-
ment devised for sublimation purification. References to a number of
these patents are given in Table 1. Most were patented in the period
1890-1935, involved only the simplest engineering principles, and
antedated much knowledge of fluidization or of two-phase flow and
associated heat transfer. Solids condensation was particularly un-
sophisticated, consisting of batch vessels, batch removal of product,
often by manual labor and often with poor recoveries of product.

The factors favoring continuous operation here are those of the
chemical industry in general, viz., the need for large-scale operations,
for the best control of product quality and processing conditions, and
for minimum total cost of purification.

One type of solids-vaporization equipment is available commercially
(1), but solids condensation equipment is usually designed for a par-
ticular application. This equipment often consists of field-fabricated
tanks.

In a continuous process, vaporization can be continuous and con-
densation semicontinuous or cyclical, i.e., condensers are alternately
filled and emptied of condensed solids, and gas ex vaporizer is alter-
nately switched from one condenser to another. However, a truly con-
tinuous overall operation is desirable.

Choice between the two condensation methods of either condensing
solids on cold walls by heat removal through the wall or condensing
in the bulk stream by addition of cold gas often depends on the nature
of the solids crystal and of the entire solids layer and of the strength
of adherence to the cooler surface. The cooled-surface method is under-
stood to be practiced in the purification of salicyclic acid from phenol
impurity, in which case the condensed salicyclic-acid product collects
on the wall as whisker-shaped crystals that are easily discharged by
gravity fall or wall vibration. Cooled surfaces are also used for
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TABLE 2
Research and-Engineering Needs of Sublimation-Purification Technology

1. Effect of cooling curve (distance from triple point) on particle shape and size of
condensed solids.

2. Effect of supersaturation on particle shape and size of condensed solids.

3. Effects of other conditions (residence time, dilution, temperature level) on particle
shape and size of condensed solids,

4. Methods of staging vaporization and condensation operations for minimum
capital cost.

5. Translation of results to and from other scientific disciplines, e.g., meteorology.

6. Nature of the solids condensate (solid solution or crystal mixture) for specific
systems of interest.

7. Condensation by expansion through nozzles.

collection of produets in ZrCl, and TiCl, purification; these are
scraped from the walls by a continuously rotating chain assembly.
There are a few situations, such as phthalic anhydride collection (from
manufacture or from purification), in which condensed solids are
melted and drained away (14) (cyclical operation of two or more
condensers).

FUTURE NEEDS FOR SUBLIMATION PURIFICATION

Application of the unit operations of solids vaporization and con-
densation to purification and separation could become of inereasing
interest in the future, particularly for compounds that decompose at
temperatures below the melting point. In the case of monomers and
certain pharmaceuticals, purification operations could be large-scale
and could require multistage processing. For close design of such sub-
limation purification equipment, more knowledge is required in the
areas of:

1. Factors affecting rates of condensation of solids from the vapor
and resulting solids physical properties.
2. Multistage solids vaporization and fractional condensation.

A general survey of the literature reveals considerable work on
nucleation phenomena in condensation of solids (or liquids) from the
vapor (9, 15-19); but very few of the investigations reported studied
more than one or two variables, and thus a generalized quantitative
model does not appear possible at this time.

If sublimation purification is to enjoy widespread large-scale use,
the development of multistage systems would be desirable. Obviously,
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clusters of vaporizers and condensers with various auxiliaries could be
repeated, but the economic advantage would be rather limited. Some
method of utilizing the advantages of staging in other separation
operations, such as distillation, would be desirable. Such advantages
are gravity flow of nonvapor streams between stages, inclusion of two
or more stages in a single equipment shell, ete.

Table 2 lists several areas in which increased fundamental under-
standing could be of assistance to increased use of sublimation purifi-
cation. The object of work in these areas would be more accurate
engineering design methods.

REFERENCES

1. M. Nord, “Sublimation” Chem. Eng., 88(9), 157 (1951).

2. National Bureau of Standards, in Encyclopedia of Industrial Chemical
Analysis (F. D. Snell and C. L. Hilton, eds.), Vol. 3, Wiley-Interscience,
New York, 1966, pp, §72-584.

. T. K. Sherwood and N. E. Cooke, AI.Ch.E. J., 3(1), 37 (1957).

T. K. Sherwood and H. S. Bryant, Jr,, Can. J. Chem. Eng., 35, 51 (1957).

. K. P. Reed and E. W. Berg, Anal. Chim. Acta, 37, 472 (1967).

. J. Ciborowski and J. Surgiewicz, Brit. Chem. Eng., 7(10), 763 (1962).

N. V. 8. Sastri and N. R. Kuloor, Indian Chem. Eng., 6(4), 75 (1964).

. R. 8. Tipson, in Technique of Organic Chemistry (E. S. Perry and A. Weiss-
berger, eds.), Vol. IV, Wiley-Interscience, New York, 1965, pp. 661-705.

9. W. G. Courtney and W. J. Clark, “Kinetics of Condensation from the Vapor
Phase,” Government Document AD 267 261 (July 15, 1961).

10. J. W. Mullin, Crystallization, Butterworth, London, 1961, p. 17.

11. W. K. Lewis (to Standard Oil Development Co.), U. S. Pat. 2,607,440 (1952).

12. J. H. Perry, Chemical Engineer’s Handbook, 4th ed., Vol. 17, McGraw-Hill,

New York, 1963, pp. 23-26.

13. N. V. 8. Sastri and N. R. Kuloor, Chem. Age India, 14(7), 523 (1963).

14. W. M. Davis (to Monsanto Chemical Co.), U. S. Pat. 2,448,868 (1948).

16. Indradev, Mater. Res. Bull.,, 1, 173 (1966).

16. K. B. Keating, Chem. Eng. Progr. Symp. Ser., 60(48), 15 (1964).

17. R. P. Andres, Ind. Eng. Chem., 57(10), 24 (1965).

18. W. G. Courtney, Progr. Astronaut. Aeron., 15, 677 (1954).

19. R. D. Gretz, J. Phys. Chem. Solids, 27, 1849 (1961).

L No oW

20. C. H. Winter, Jr. (to du Pont), U. S. Pat, 2,580,635 (1952).

21. C. Field, U. 8. Pat. 1,662,056 (1928).

24. J. M. Selden and C. G. Selden, Brit, Pat. 174,013 (1920).

23. H. F. Lewis (to National Aniline & Chemical Co.), U. 8. Pat. 1,701,186 (1929).
24. C. R. Downs (to Barrett Co.), U. S, Pat. 1,464,844 (1923).

26. C. A. Lyford, U. 8. Pat. 1,662,070 (1928).

26. A. 0. Jaeger (to Selden Co.), U. 8. Pat. 1,686,913 (1928).

27. R. H. McKee, U. 8. Pat. 1,480,707 (1924).

28. Brit. Pat. 270,060 (to American Magnesium Corp.) (1926).



14: 42 25 January 2011

Downl oaded At:

PURIFICATION BY SUBLIMATION 13

29

30.
31.

32.
33.

34.
35.

36.
37.

38.
39.
40.

41.
42.
48.
44.
46.

46.

. H. E. Bakken (to American Magnesium Corp.), U. 8. Pat. 1,814,073 (1831).
L. Jacque and P. Dumez (to Pechiney Compagnie de produits chimiques et
electrometallurgiques), French Pat. 1,148,715 (1957).

W. C. McGavock (to Dow Chemical Co.), U. S. Pat. 2,214,838 (1940).

Jean A. S. de Saint-Sernin, French Pats. 666,138 and 666,139 (1928).

F. V. Denisov, R. G. Tepilina, E. V. Prytkova, Yu V. Ballo, and V. F, Butts,
USS.R. Pat. 133,465 (1960) ; C.A. 55, 12794e (1961).

H.J. M. Van Embden (to Hartford National Bank & Trust Co., as trustee),
U. 8. Pat. 2,252,052 (1941).

C. E. Andrews, C. Conover, K. B. John, and C. E. Ruth, Brit. Pat. 179,991
(1921).

H. B. Foster (to National Aniline & Chemical Co.), U. S. Pat. 2,084,464 (1936).
A. O. Jaeger (to Selden Research & Engineering Corp.), U. 8. Pat. 1,914,723
(1933).

J. W. Livingston (to Monsanto Chemical Co.), U. 8. Pat. 1,987,301 (1935).

F. Comte (to Monsanto Chemical Co.), U. S. Pat. 1,987,282 (1935).

H. J. Hartley and C. 8. Rankin (to Pacific Foundry Co., Ltd.)), U. S, Pat.
2,877,100 (1959).

S. C. Carney (to Phillips Petroleum Co.), U. S. Pat. 2,608,471 (1952).

R. E. Morningstar and G. H. Whipple (to Mathieson Chemical Corp.), U. 8.
Pat. 2,629,133 (1953).

A. C. Mueller (to du Pont), U. 8. Pat. 2,668 424 (1954).

V. E. B. Vakutronik Dresden, French Pat. 1,335,830 (1963).

H. Herzog and H. Renner (to Deutsche Gold-und-Silber Scheideanstalt vorm
Roessler), German Pat. 1,082,242 (1960).

L. Jacque and P. Dumez (to Pechiney Compaignie de produits chemiques et
electrometallurgiques), U. S. Pat. 2,944,878 (1960).

Recetved by editor November 12, 1968
Submitted for publication January 9, 1969



