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Purification of Substances by a Process of Freezing and
Fractional Melting Under Equilibrium Conditions"*
Augustus R. Glasgow, Jr., and Goylon Hoss |

A purifiestion technique has been developed wheraby & mess of woll-defloed erystals,
formed by slow erysiallization of & liguid, is melted under equilibrinm sonditions into a

aeriea of fraotiions.

In this prooess the entire mass of the substanse in frectionated into jts

gross impurities and high-purity material. Thiz ofers dielinet advantages over fonven-

* tional fractional eryat

ization techiniques. Fhe apparatus provides for conduoting the

fractionating procese in & olosed inert sygtem eod ia well adepted for purifyviog compounds

that are corrosive, toxie, or reactiva wi

alr. Details of construetion and o

4 I cl:rcmt.inn of the
apueratus, Including experimental results on 2,5-dichlorsstyTene, are ingladed in the report,

1. Introduction

Many compounds of commercial and secientific
importance may he toxie, repulsive in odor, hygro-
acopic, corrosive, or reactive with air. oL,
thermsally un=iable compounds, such a: monomers
or weakly bound compounds, arc often suscepiible
te heat, and polymerize, dissociete, or isomenze at
clevated temperstures.

Purification of the above materials Tequires that
the fractionation precess be conducted in & closed,
inert, zystem at low temperatures. These abjec-
tives are largely stisined by the combined sequence
of equilibrium freezing and melting: (1) erystals of
& single component (pure substance) nre segregated
from the other components (impuritiea) by cooling
the sample from 1ts liquid stase yntil crystalhzetion
is anbstantially ED]]IPIBTB: and (2) the entire maess
of crystallized material is then slowly melted onder
equilibrium conditionz to obtain suecessive Iractions
{iractional melted of incressingly higher degrees of

untﬁ This process is 3o snalogous to fractional
Ic)],iatil tion that the suthors have auppested the
term “fractional meliing'" to define the combined
equilibrium Ireezing and melting process,

The technigue of fractional crvstallization has, of
course, long been used n purification (1) Frae-
tional melting of a crystelline mess formed by slow
equilibrium ireezing is mare effective than crysialli-
zation alone in separating the entire mass of the
substance into its pross impurities and high-puricy
material. A {ractional-melting apperatus embrac-
ing the above principles has been developed and
aoccessfully used for the past several years.

2. Fractional Melting of Ideal Systems
Ideal conditions for the separation of a cryatal-

line phase containing only & single component
ticlode (1) that the impurties do not pariicipale

& Thiy ramarch wex m&purtad by the Trmmined {dnmnce Fuze Lalwirmbir|ed
«f tha Tlapartmont of Defanss. .

1 Presanted at, the Gomion Research (Snferooces of the A AAS an Bepacukion
mnd Paorification, Colby Juoky Col Wew Lomdom, ™. H., July I, 1951
porended, ulse, ut the 'lgkh meeting tflg Atmariean Chamiml Bocdrly 5t Wior

neagol Ig.!;n. Beplamber 11 1o 1, 1488, hefary the Divihas of PRYSsical aied
) s ics braskats fndleate the Ieratte erforotived af the ebd of Ehis BATE.

io solid solution, (2) thet erystale erow very slowly
in order to aveid oeclusion of impurities, and (3)
that the t.r}*st.ﬂ.ls be large in order to mimmize the
volume of hguid retalned on their suriaces.

In the erystallization of & single component from
its imgura melt, it is a general practice to sttempt
the induction of vrystal growth when the solution is
at 4 temperatore elightly below tha freezing point.
With many substances, initiation of the ligquid-aolid
transformation cannot be eccomplished untid the
liquid has cooled well below the freezing point, In
such cazes, when erystallization occcurs there is &
rapid growih of very small crystals, which resulis
in eontemination by oecclusion in the erystal, In
pertigular, comnpounds with poor symmetry tend to
supercool,  After the onset of this initial erystal-
lization, which starts with the solotion far from
thermal equilibrivm, the latent heat of fusion
rapidly reiscs the temperature and closer approach
to thermaedynamic equlibrium is realized. On con-
tinued slow fresgzing of the avstem, eryetallization
then proceeds in a more orderly fashion.  In systems
containing impuritice conforming to the idenl con-
ditions apumerated in the firat paragraph of this
gection, the ervatale preferentially aelect the pure
component and rejeet the impuritice, Durning this
glow crystellization the crystalz snccessively formed
from the solution are prograssively less pure hecause
of the diffieulty of prowing erystals of the pure
component from solitions in which the impurities
are concentratod.  Although each system of crvatal-
lization has unique features, in general, very slow
freszing produces ervetals larger in eize and with
miniraum eeclusion,

Optimum melting conditions, using the apparatus
dezcribed in this paper, arc reahzed when the
crystalline mass contains larga eryetals of a aingls
compenent and the impurities are segregated into s
geparate liguid or a solid phase of smaller crystals
melting well below the freezing peint* of the sin%la
component, During the period of equilibrium melt-
ing, the masa of amsll crystals containing the impuri-
ties is malted before the bulk of the large crystals.

1 Theymeodynamjcally, “malm ot mni- “leazing poknk'' rafer to 1be
i tnn anillbrinm amperatm or the tamperatgre 8t which aa inlnltes).
sl atornyng of crysimis A tho pure composent 5 ogoilibriom with Jgeld,
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To summarize, the fractional-melting technique of
solid-liquid fractionation uees equilibrium freezing to
ohtain closer approach to idf?,gl conditione for the
segregation of the impuritiez from s crystalline
phase of the pure subatence during the crystallization
procezs. Eaquilibriom melting of this eryetallized
masa into fractions is then vsed to remove successively
impure material and finally the pure substanca,

3. Procedure and Apparatus

In the crystallization of a compound from ite
impure melt, using the fractional-meiting apparatos
described in this paper, crystal growth starts at the
bottom of the container and Eﬂceeds slowly up
through the liquid. The eryatals near the hottom
of the tube are of high purity, with the bulk of the
impurity concentrated near the top. After crystal-
lization the container is inverted and heat i intro-
duced into the system so as to produce slow melting.
The first material collected is the least pure and the
last portion most pure. In its downward flow, the
liquid © from the melted erystals bathes and washes
each succeeding crystal surface. '_I‘he leszs pure
material wetting the crystsl surface iz prograssively
dizplaced by liquid of higher purity. In addition to

+ If the. #lscoaiey of the liguld eontainfeg the frpuritied 18 higt, tiom by

ity Aow wilh be improcticable, B aysterod will regulee wilditlan af 4
E]‘\";'ql"l{ Vo lower the vEooty.

Figvre 1. Assembly of Srochional-melifing fube, diatributor ond
receiners, ond mantiold for inireducing wlatile samples,

the purification accomplished by progressive liquid -
dispﬂ.fement at the sq]id-liqui(r mtarface, qan}'
recrystallization of the liquid to solid results in
gdded purification.

The apparatus ueed for the purification of a vola-
tile sample by fractional melting of the substance
under ita own vapor pressure is shown in figure 1.
A detailed drawing of the fractional-rnelting tube
ie shown in figere 2. Identieal parts are designated
bi.' the same letiers in both figures. The chamber
of fractional-melting tube J, distributor R, mnd
racelving mni)ou]es W, #re exhausted to a low
presaure (107 mm Hg) by attaching the ground
glass joint (! to a high vacuum system consisting of
s mercury diffusion pump and a forepump. The
evacuated avatem 15 then izolated from any atopoock
lubricant by fusing the constriction at P in the glass
manifold, In this way the sample to be fractionated
iz exposad only to glass. The breakoff tip of am-
poule E iz then broken by hammer D, and the
sample is distilled into the chamber of the fractional-
melting tube. The manifold is then removed by
sealing at A.

Nonvolatile samples are transferred as liguids.
They arc sesled under their ewn vapor pressure in
inverted breakoff tip ampoules [5], whith are at-
tached to an opening into the chamber below N in
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Ficues 2. Froctional-melimg febe.
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the figure, The avacustion and subsequent removal
of the empiv ampoule and the manifold ares similar
to that dessribed for the volatile samples, :

The fractionpl-malting tube is placed in & Dewar
flask containing the freezing bath. A solid-liguid
giurry of a substanee freexing at the desired tempera-
ture may be placed directly in the Dewar flask to
obtain 2 constant-tempernture bath, I[ce and water
are used for & temperature of 0° C, salid carbon diox-
ide regri ant for —78° C, and liguid nitrogen for
—194° 2,

The femperature of the freezing bath required for
nearly complete orvstallization of the sample will
depend upon the freezing pomnt, purity, snd heat of
fusion of the compound bong purified.  Tor samples
of high purity (98 mole percent or greater) and heata
n{ fusion from aboot 2 to 4 keal/mole, a freszing
bath sbout 5 to 20 deg (! lower than the freezing

oint of the sampla is used. A cooling rte of the
1quid near the freezing point of tha sample of 1 d;g
in 10 to 15 min is ne v used. This thermal he
and cooling rate for such =samplez will allow sub-
stantinlly complete: cryatallization in an overmght
reriod of 16 he. Samfles af lower purity (80 ip 98
mole percent), in which a large temperature range s
required for crystallization, will require the use of
scveral bathe and a longer time for the crystelhze-
tion.

Transfer of onergy aeroas the space from the outer
wall, I, to or from the sample contained in the
chamber, J, is controlled by the depree of avacuation
of this spaec. In order to prevent energy transfer
by rediation, the inner glass surfuces confiming this
apace are silvered. The stopoock, X, in figure 2 is
connected to0 & high-vacuom  system through a
spherical joing, Y, and i5 used to adjust the pressure
for a satisfactory rats of cooling or warming.

The temperaturs of the sample iz measured with a
thermoeouple inserted in the clogsad fube, ¥, which
f:rotrudes miy the sample at K. An amorphous
iigh-malting wax is to fill the space between
the thermocouple wire and the inner glpss wall to a
depth of several inches above the thermocoupls
junetioh, When the sample has reached a tempera-
fura slightly below its freszing point, crystallization
is induced by cooling the small amoimt of the sample
in the constrieted portion, L, of the sampla tube
:gpmcinbly below its freezing point. Coolant is

ded through the glass tube, {r, which is separated
from gart. L of the sample tube by the glass purtition,
M. Samples [reesing shave —50° C are cooled by
adding powdered carbon dioxide, snd semiples
fraezing below —50° C wre cooled with liquid
nitrogen [2].

When the crystallization process i= complete, the
fractional-melting tube is inverted. It iz then
ingerted 1 the apecial Dewse-type vessel shown in
figure 3. The brass clamp, O, supports the fractional-
melting tube and distributor. The small-diameter
tuhe, N, sllows some movement beiween these parts
without breakage. For higherpurity samples (98
mole percent or higher), the outer wall of the frae-
rional-melting tube is maintained ai & temperature
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FIGUeE 3. Amiembly for melting Sparation.

seversl degrees above the freszing point of the sample,
Far lower-purity samples (80 to B8 mole percent), the
cuter wall is allowed to warm alowly from a tempera-
ture near the lowest srystallization temperature to &
temperature above the freezing poing of the sample.
Witﬁ semples of higher purity the melting operation
ia normally performed in a 8- to 7-hour period doring
the regular hours of the working day. ith samples
of lower purity, progressive melting of the sample
requires s longer time. © Becauss the equipment was
nongsatomatie, the tempersture of the bath doring
the melting process was varied during the day, snd a
constant-temperature bath wae used ot night.

Inorganic sahe and ice have Heen used to obtain
baths of high heat capacities for retainng samples
overnight, withoot apprecigble melting, These baths
have been uscd for samplea of low purity that are
meled over a period longer than L day. Such
mixtures are conveniently frozen by ineerting a
powdered carbom dioxide “cold finger’” lmto the ap-
propriate salt-water solution.

Constant-temperature baths deseribed previpusly
for freezing the sample may also be uvsed a3 meltin
baths, TE:-, sclection of the appropriate freezing a
melting botha will depend upon the range of tem-
perature required for solidification and complete
melting of the sample. When such baths are used,
the ecoils shown in figure 3 are removed from the
specizl Dewar-typa vessel, If the melting operation
is performed during the working day, intermediate
temperature baths between 0% O and eolid carbon
dioxide st —73° C can be maintained manvally b
periodically adding just enough solid carhon dinxide
to a4 suitable solvent to keep the baih at a given
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temperature. An alternste procedurs is to cireulate
a liquid from & constant-temperature bath or refrig-
erating unit through coils placed in the Dewnr, &s
shown in figure 3. For substances freezing ebove
room tempergture the outer wall of the fraclional-
melting tube may be heated electrically.
als nre rotained in the chember of the frac-
tional-melting tuhe hf)' the conical perforated glass
disk, H. The Liquid from melted orystals 18 directed
into the distributing funnel, B, by the dropping tip,
P. Thia funnel is ground at ¢} to 8 bearing surface,
upon which it is rotated. It wes found in prestice
at the friction of this besring was sufficient to hold
the funnel in & fixed position, and did not. interfers
with its rotation. A permanent magnet acting upon
the ron rod, encased in plass at 5, 1= used to rotate
the funnel to the various positiona for frensferring
melted freetions of the semple inta the reeciving
ampentes, W. A U-bend, K’, in a pglose {4-mm
outside diameter) tube serves 82 & stopeock hetween
the frectional-melting tube and the distributor.
Thiz U is allowed to fill with Liguid, which is then
frozen with a euitable eooling bath, while a filled
empoule, alse frozen, 1= sealed off end removed from
the sysiem at point V. In this manmer the sohd
plug in the U acts &8s & closed stopeock. Afier
melting, liquid passes freely through the U. Four
additional smpoules {not shown) are sesled =i
peinta T on the distributor and are filled in the scme
manner with subsequent fractiongl melta,

4, Substances Purified by Fractional
Melting

This method has been applied to the perification
of 2, 5-dichoroatyrene. A sample of this compound,
which had an original purity of 98 68 mole percent
and a freezing point of 8,068° U [3], was frozen in an
ice hath at 0% C. The fractiongl-melting tube wns
then placed in a 4% liter Dewar packed with ice
water. This syatem, when insulated with plass wool,
held its temperature over the weekend to within 1
deg C. The space between the walls {unsilvered in
these experiments to permit visible obeervation) wae
pumped to 2 high vacvum to schieve & low heat
teansfer. Crystallization did not oceur until the

+We aim Eadebled o R, T, Ledlle of the Ramsn v (i echnlgue.

FREEZING

Fl1aURE 4.

sample was cocled shout 3 deg C below its fraeging -
oint.
P In figure 4 the freezing and melting stages for this
zample are shown, In the first stage of freezing the
Iiquid wea thermally shocik-aeeded at M with soma
owdered solid carbon dioxide. The first crystals
ormed quite rapidly and contsined much gecluded
and entrapped maierial. Thia portion iz shown as
Lhe hatehed ares in stage 1. As erystallization con-
tinued slowly up throuph Lhe tube, the erystals that
were formed, after the initial effects of supercooling
had ;):En uvempaline, Icun%lainled less occlud?dl,_ or en-
trap , malerial. In the latter stages of Ireczing
the purity of the liguid had dropped to such & peint
that the last crvstals were formed in intimate contact
with the bulk of the mpurity. In the case of
2 S-dichlorostyrene, at least =ome of the impurities
wera colored, so that when the entire mass (100 ml)
waa allowed to erystallize slowly overnight (18 hr)
it froze with the mass of impurities concentrated in
a highly colored cona at the top. This is shown at
Z in atage 4.

It wae also noted that se erystallization proveeded
in stages 2 and 3, the crystals became larger and
were amhedded in & matrix of smaller erystals.
Cryatallization with & constant-temperature bath,
0% C, becams Fmg,remively alower ughout the
freczing part of the experiment beeapsc of the de-
crenge in thermal head as froeging procesded. Pro-
presgively slower freezing was very desirable in the
present apparatus 2s no stircing was employed and
the migration of the impurity away from the crystal-
lized mass was doe to difiusion alone.

After cryvatallization the tube was inverted and,
utilizing air at room temperature as a warming bath,
the crystalline mass was slowiy melted during a
periodd of 6 to 7 hr. The complete Ireezing and
melting experiment thus required about 24 hr.
Various degrees of melting are shown in stagea 5, 6,
7, and 8. Melting took place in accordance with
the purity pattern obtained in crystallization,
Fractlons of 10 ml cach were collected. Nearly all
of the colored material was collected in the first
fraction. The firet portion melted contained the
material in the core ut Z and the matirisl near M,
which wae first erystallized by shock-seeding. The
rate of melting of subseguent fractions became pro-
gressively smaller. In this melting operation, the

MELTING
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Freezing and melling dlogry of 2.5-dichloroelyrene.
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TapLe |, Summary of fracionad melting * separation of 2 S-dickiorostyrons

—

—_— —— . ——

Fraptionad telting ssmber melted Purlty Jmpuricy

Impuricy for
wnpartion 4

Totg] imparity—

Fresent ot | Removed in

hogimping of | tbe fractton | Remaining

morlting fege

sEEEED
REEE .

]
]

h&kasg

=
HESELX

£

[- 1]

RY| Mole
1
.

I
o

ke’
S
£

= Purlty om original sampie B84 moke peent -
' PurLy Ieom snmmadicn of fescticoa) melts 9.0 mok: pereent.
+ {in beeals of trdividusd fesrtionel meits,

principal transfer of energy inte the freezing chamber
1= through the t-hermamuFIe well, K, the seeding
well, G, and the inner plass tube containing tha
gample, rather than across the space between the
inner and outer walls (see fig, 2).

Table 1 gives a summary of the fractionation date.
The purity values were determined from freezing
points obtained from meltin%curvea [3]. This punty
pattern was obtained on blends of the fractions
separatad from 30 experiments on fractional melting,
uaing 100-ml samples of the same stock material of
2,5-dichlorostyrene [B]. Similar increments of vol-
ume of the sampls melted from the different experi-
ments were blended. Three determinations of the
purity were made by using different experimental
groupings. These values of the purity checked
those Eﬁ]wn in the table, The separation was
therefore considered representative of this compound
under these conditions,

Figure 5 pives the totsl amount of impurit-g present
at the various steges of melting {(shaded bar] and
the amount of impurity removed during the melting
stage (open bary, FN-1, -2 -3, 4 and -5 refer
to tha fractions collected when 20, 40, 60, 80, and
100 percent, respectively, of the subetance had
melted. :

In figure 6, the percentages of impurity removed,
based upon the tota]l ameunta of impurity present ag
the varionz stages of melting, are shown. The
numbers 1, 2, 3, 4, and § refer to the fractions melted.
In the frst fraction (T in the figure), 73.8 percent
of the total impurity was removed. This initial
removal of impurity is attributed to the slow cryatal-
lization ¥ of the meterisl and is not part of the im-
provement thit oceurs on fractional mw*.linn%1 (M in
the figura). The hlocked lines represent the per-
centage of the total impurity {exgresaed in terms of
the total impurity in the system before each gucces-
gsive melt) removed in the fraction, The circles are
drewn at the midpoint in volume percent of these
fractions. The curve fer the increase in efficiency
of geparation during the melting operation 1 drawn
through these circles and clearly indicates the suc-
cessive improvernent obtained in the fractional
meiting. fraction § the block and curve {broken
lines) are the expected course of separation of im-

T Hehownhs mod Widherd poibt oot o thelr work on benzole wekd ] the impo-
toper of Wlaw cryelallization.
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purities if this fraction had been collected in smaller
volume increments. This extrapolation was made
on the basis of the progressive changes that took
place between fractions FM-—2, FM-3, and FM—£,
a3 shown in table 1 under efficiency per stafe.

Two toxic compounds that decomposed rapidly
i gir were also purified by this method.! Esch
compound had an original purity of about 93.7 mole
percent.  The last 50 percent to melt had a purity
of 0095 mole percent. Titanium tetrachlorids,
which hydrolyzes rapidly in air and 1= reactive to-
ward stopcock greases, was successfully processed
by using the assembly shown in figure 1.

&. Summary and Conclusions

Fractionnl meliing consists In slow equilibrium
melting of & crystalline mass of a substance formed
by slow equilibrinm freezing. In peneral, for com-
pounds thet varigd in purity from 98.5 to 99.5 mole
percent, about 75 percent of the total Impurity wae
separsted in the first 20 peveent of the melt. This
toctnigue of fractionally melting & mass of well-
defined crystals into & serles of fractions of increas-
ingly higher purity offers the following distinct ad-
vantages over conventional fractional crystalliza-
tion techniques:

" This work Wead performed by bAillon T baom, whe ale asskebed In the
abeslgn of the dRdritator Shov li Lek 1,

(17 The entire mass of the subetance 1= fraction-
nte:'ia] into its pross 1mpurities and high-pority ma-
terial.

{2) This method is adaptable to the purification
of small samples frequently encountered in research
problems,

(3} Fractional melting is more efficlent thano
fractional erystaliization alone.

{4} Many compounds bocause of their toxicity
and reactivity require that the solid-liquid fractionn-
tion be conducted in closed inert systems. The
fractional-melting spparatus deseribed in this paper
iz well adapted to such compovnds,
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