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LABORATORY INVESTIGATIONS IN SUPPORT OF
FLUID-BED FLUORIDE VOLATILITY PROCESSES

PART XII. The Melting-point Diagram
for the System
Uranium Hexafluoride-Plutonium Hexafluoride

by

I.. E. Trevorrow, M. J. Steindler,
D, V. Steidl, and J. T. Savage

ABSTRACT

Thermal analysis was used to determine melting
points of UF¢-PuF¢ mixtures containing 0 to 100 m/o PuFy.
All mixtures melted at temperatures between the melt-
ing points of the pure components; neither maximum- nor
minimum-melting mixtures were observed. The solid-
liquid equilibria involve a continuous series of solid solu-
tions, and the temperature-composition diagram exhibits the
shape characteristic of such a series. Solidus points were
observed at temperatures lower than those calculated for
ideal behavior; this difference is attributed to fractional
crystallization.

I. INTRODUCTION

The main objective of the fluoride volatility process is the recovery
of both uranium and plutonium from spent nuclear fuel. In the process,
fluorinating agents act on oxidized nuclear fuel to produce the hexafluo-
rides of uranium and plutonium, which can be separated from each other
and also from the fission-product fluorides because of differences in their
physical and chemical properties.

Several unit operations considered in fluoride volatility processes
involve mixtures of UF, and PuF, in the condensed states. This report de-
scribes experimental determinations of the melting points of UF¢-PuF,
mixtures carried out to obtain information on phase equilibria in the con-
densed slates.




II. EXPERIMENTAL DETAILS

A. Containment of Volatile Fluorides

All experimental work with UF¢-PuF mixtures was performed in a
metal manifold constructed of nickel tubing and fittings. The manifold in-
corporated Monel diaphragm valves* and a number of 1-in.-diam valves**
with brass bodies, Monel bellows, and Teflon seats. The transfer of PuFy
and UF¢ from one vessel to another in the manifold was carried out by
vacuum distillation at room temperature.

A three-module, Z%—tier CENHAM glovebox1 (3% be 8% x 10 ft)
housed the manifold and all equipment for handling PuF,. Figure 1 shows
the glovebox and associated facilities. Laboratory air, used as the glove-
box atmosphere, entered the box through two high-efficiency AEC filters
(12 x 12 x 6 in.) arranged in parallel. The air flowed out of the box
through four filters of the same type (two parallel sets of two filters in
series) and into a 6-in.-diam aluminum ventilation duct. The ventilation

e 4

THERMAL

vACUUM
: ANALYSIS
VACUUM PUMPS B8l MANIFOLD ety bl

108-7534-B

Fig. 1. CENHAM Glovebox and Associated Apparatus Used in
Thermal Analysis of UF¢-PuF ¢ Mixtures

*Valves Nos. 411 and 413, Hoke Incorporated, One Tenakill Park,
Cresskill, N. J.
**Vactronic Lab. Equipment, Inc., East Northport, Long Island, N. Y.



air then passed through an aqueous spray scrubber, and two AEC filters
(24 x 24 x 12 in.) in parallel before discharge through a stack to the
atmosphere.

B. Materials

1. Uranium Hexafluoride

The UF¢ used in this work was a portion of a larger batch
originally obtained from Oak Ridge National Laboratory. Almost two-thirds
of the original batch had been distilled away in previous experimental work,
contributing to the purification of the UF; from low-boiling impurities (e.g.,
HF, CF,, F,). Emission-spectrographic analysis of the material indicated
that the predominant impurities were phosphorus, at a concentration of
<400 ppm, and As, B, Cs, Pd, Re, Sb, Sn, and Th at concentrations of
<100 ppm. Two determinations of the triple point of a sample of the UFg
yielded 64.1 and 64.2°C. The best literature value? for the triple point of
UFg is 64.05°C.

2. Plutonium Hexafluoride

a. Preparation Apparatus. The PuF, was prepared in this
laboratory by reaction of fluorine with PuF, at 550°C. Powdered PuF, was
spread in a flat nickel boat (2 x7x 1/2 in.) within a Monel tube reactor
(22-in. diam) heated by a 1650-W cylindrical furnace.® A nickel diaphragm
pump** circulated fluorine at 600 to 800 cc/min over the PuF,. The sec-
ondary diaphragm of the pump was inside the glovebox; the primary dia-
phragm and gear box were underneath the glovebox. An 0ilt column
transmitted pulses from the primary diaphragm through a copper tube to
the secondary diaphragm. A thermal flowmeter® monitored the gas flow
rate. The gas stream leaving the reactor passed through four nickel traps
in series, the first two of which were cooled in a dry ice-trichloroethylene
slush to condense PuF¢ from the gas stream. Figure 2 is a schematic

THERMAL FLOWMETER
FURNACE
BALLAST TANK

DIAPHRAGM PUMP

/ TUBE REACTOR

Fig. 2

ERMOCOUPLE
GAGE

Fa er g A

BOURDON GAGE

A To Schematic Diagram of Apparatus Used
VACUUM
to Prepare PuFg

o DIAPHRAGM VALVE

COLLECTION TRAPS ﬁ | IN. BELLOWS VALVE

* Hevi-Duty Electric Co., Milwaukee, Wisconsin.
%% Lapp Pulsafeeder No. CPS-1, Lapp Insulator Co., Inc., LeRoy, N. Y.
Halocarbon Oil, Series 411 E, Halocarbon Products Corp., 82 Burlews Court, Hackensack,N. Y.



diagram of the preparation apparatus. The collection traps are shown in
the upper part of Fig. 1; the furnace and the reactor tube are shown in
Fig. 3.

AIR-COOLED

FINS

108-7531A

Fig. 3. Furnace and Tube Reactor Used to Prepare PuFy

b. Typical Preparation Procedure. A typical preparation of
a 60-g batch of PuF¢ was as follows: The reactor, containing the PuFy,
was evacuated to 0.01 to 0.02 Torr, and heated to 400°C. Heating and
evacuation were continued for about 4 hr. The heating was usually carried

out during an afternoon; then the furnace power was turned off, and the
evacuation was continued while the furnace and reactor cooled slowly over-
night. The following morning, the preparation apparatus was filled with fluorine
(1 atm) at room temperature, gas circulation was started, and the furnace
was heated to 550°C. A 60-g batch of PuF was normally prepared in 10 to
14 hr.

c. Purification Procedure. After preparation, the PuF¢ was

freed from low-boiling impurities by a trap-to-trap distillation similar to
that described by Weinstock and Malm.*

d. Evidence of Purity. The high purity of the PuFg product
was confirmed by measurement of the triple point and also by the results

of an emission-spectrographic analysis of the PuF,. Two determinations
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of the triple point of a sample of purified PuF yielded 51.5 and 51.3°C,
The best literature value? for the triple point of pure PuF4 is 51.59°C, ob-
tained by extrapolation of vapor-pressure data. The PuFy, from which
the PuF, was prepared, contained calcium (<25 ppm), iron (<20 ppm), and
antimony (<20 ppm) as predominant impurities.

C. Apparatus for Thermal Analysis

1. Sample 1l'ubes

Mixtures to be examined by thermal analysis were contained
in a sample tube constructed of l/Z—in.-diam nickel tubing with a 20-mil
wall. The tube was 1% in. long with a bottom well extending 1/4 in. along
its central axis. The temperature of a mixture was measured by an
Inconel-sheathed thermocouple inserted within the bottom well. The sample
tube was bolted through a Teflon-gasketed flange to a brass valve body.
Closure of the valve body and containment of the fluoride samples were
effected by a 1/2—in. bellows as-
VArRAveL sembly* with a Teflon seat. In
this assembly, silver solder joined
the phosphor bronze bellows to the
A valve stem. The sample tube as-
* FITTING sembly could be attached to a vac-
T uum manifold by means of a 3/8—in.
PORT ~~ / male flare fitting soldered to the
Vi \ PHosPHOR-  opening of the brass valve body.
g The volume of the sample tube was
LR about 4 ml when the valve was
2%%\23—. é | ; e gloseld. Figure 4 is a pictorial
rawing of the sample tube and
valve assembly.

TEFLON 2. Sample-block Assembly

GASKET

A mixture contained in
the sample tube was subjected to
LN thermal analysis while positioned
L in a cavity in a cylindrical nickel

block, which was heated or cooled.
RS The nickel block was wound with a
HEXAFLUORIDE  double helix of 3/16-in.—OD copper
tubing.

THERMOCOUPLE
WELL
108-9845

Fig. 4. Sample Tube and Valve Assembly Used to The nickel sample
Contain UFg-PuFg Mixtures for Thermal block was cooled by passing nitro-
Analysis gen, refrigerated to -60°C in a

*
Veeco Vacuum Corp., 86 Denton Ave., New Hyde Park, Long Island, N. Y.
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dry ice-trichloroethylene bath, through one copper helix. The block was
heated by resistance-heating of an asbestos-covered Nichrome wire in-
serted in the second helix.

The nickel block was bolted to a flange, which hung on a tripod
in a stainless-steel Dewar flask fitted with a Transite cover. A photograph
of the tripod and nickel block with two sample tubes in place is shown in
Fig. 5. Figure 6 is an exploded pictorial drawing of the entire assembly,
hereafter termed the sample-block assembly. Figure 7 illustrates the
placing of a sample tube into the sample-block assembly.

COOLANT GAS
OuUT IN

4 SAMPLE
TUBES

NICKFL Rl OCK
WOUND WITH
COPPCR TUDLCS

HEATING WIRE
AND

COOLANT GAS
IN ALTERNATE
TUBES

108-7537TA

Fig. 5. Sample-block Assembly for Thermal Analysis
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INSULATED NICHROME
HEATING WIRE LEADS

COVER — TRANSITE

SAMPLE, REFERENCE,

& FURNACE ~ L e
THERMOCOUPLE LEADS

| / COOLING GAS INLET

SUPPORT RING |

SUPPORT ROD

VALVE BODY
SAMPLE TUBE-NICKEL
COPPER TUBING-
ALTERNATING COILS
CONTAINING INSULATED
NICHROME WIRE
AND COOLING GAS

COOLING GAS'

OUTLET
/ T~ THERMOWELL-
NICKEL CORE CENTER OF CORE

CRYQGENIC CONTAINER /

STAINLESS STEEL

P

THERMOCOUPLES

Fig. 6. Exploded View of Sample-block Assembly
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SAMPLE §
TUBE

DEWAR FLASK DEWAR FLASK [l
CONTAINING CONTAINING

SAMPLE-BLOCK ! GAS-COOLING
ASSEMBLY colL

108-8428 A

Fig. 7. Operation of Thermal-analysis Apparatus;
Placing a Sample Tube into Sample-block
Assembly

3. Temperature Control of Sample-block Assembly

A program controller* was employed to establish a linear time-
temperature relationship for heating and cooling the sample block. A con-
trol unit** and a silicon-controlled rectifier, in conjunction with the
programmer, provided proportioned, d.c. power to the heating wire. Most
of the analyses were carried out at a heating rate of O.3°C/min, but some
were carried out at O.6°C/min.

4. Thermocouple Circuit and Read-out

Figure 8 is a schematic diagram of the thermocouple circuit,
Iron-constantan thermocouples, embedded in magnesia and covered with

* Minneapolis-Honeywell Regulator Co., Philadelphia, Pa., Electronik Strip Chart Proportioning Program
Controller.
** Minneapolis-Honeywell, Electro-Volt Control Unit.



e temperature and the difference in temper-

" cowsmwms  ature between sample and reference tubes.

L ‘ The thermocouple wires were electrically
insulated from the sheath. The signal of

the thermocouple in the sample tube could

‘ [ ] : : Inconel sheaths, measured both the sample

#

RECORDING POTENTIOMETER

~ ImV SPAN, 0-50mV
SUPPRESSION Na
" MANUAL

LEEDS & NoRTHRUP | | correr be determined either by a recording poten-
i K-3 i
tiometer,* or by a manual potentiometer
/ and a null meter.** The recording poten-
LEEDS & NORTHRUP —— L tiometer was calibrated against the manual
o oy potentiometer before each experiment, and
(FOR DIFFEREY:ICE SIGNAL) 1 l'b at d dur. an x erim nt
MINréiﬁégg‘algN:(OﬁgYWELL OINDICATES JUNCTIONS. was also Ca 1br € v 1ng € p €

-5mV TO 0 TO +5mV IMMERSED INACE BATH

whenever the zero suppression of the re-
Fig. 8. Thermocouple Circuit for cording potentiometer was reset.
Thermal Analysis

For differential thermal analy-
sis, two tubes were positioned side by side in the nickel block. One tube
contained the mixture to be examined by thermal analysis; the other tube,
containing air, was a reference. Accurate readings for the differential
thermocouple were obtained using air as the reference material. The vol-
tage indicating the difference between the sample and reference thermo-
couples was amplified by an instrument’ capable of multiplying the difference
signal by factors varying from Z% to 100. The amplified signal was dis-
playedby a strip-chart recorder!t witha zero center anda spanof -5to+5 mV.

D. Procedure for Thermal Analysis

Before an experiment, the sample tube was conditioned by evacu-
ating the tube, filling it with fluorine gas at ~800 Torr, and then warming
the tube with a heat gun. The fluorine was allowed to remain in the tube
for 1 to 15 hr. The tube was then evacuated and weighed to obtain a tare.

A sample tube was loaded as follows: A sample of PuFy was mea-
sured by vaporizing it at 25°C into a ballast tank to an observed pressure.
The PuF, sample was then condensed into the sample tube by cooling the
bottom of the tube with liquid nitrogen or dry ice. The sample tube was
removed from the vacuum manifold and weighed on a l-kg-capacity auto-
matic balance to determine the weight of the PuF¢ sample. The sample
tube was then reattached to the vacuum manifold, and a sample of UFy was
measured and condensed into the sample tube in a similar manner. The
sample tube was weighed again to determine the weight of the UFy sample.

*Minueapolis-Honeywell, Recording Potentiometer, 1-mV span, 0- to 50-mV suppression.
**Leeds and Northrup Co., Type K-3 Potentiometer; Null Meter Model No. 9834.
z ‘ TLeeds and:Northrup Co., Philadelphia, Pa., Model No. 9835-B.
ﬂ'Minneapolis-Honeywell, Electronik 18 Recorder.
Mettler Instrument Corp., Princeton, N. J.
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After both the PuFg and UF¢ had been loaded into the tube, it was
placed in the nickel block and heated to 70°C to melt both components. The
tube was then removed quickly, and the tip placed against a block of dry
ice. When in contact with the dry ice, the tube was vibrated, mixing the
components. This procedure also helped to condense the hexafluorides into
the bottom of the tube. The tube was warmed again and maintained at 70°C
for an hour; then it was cooled to a temperature a few degrees below the
melting point. Thermal arrests were determined approximately by rapidly
cooling or heating the sample mixture. After the preliminary values were
obtained, the sample-block assembly was heated at a programmed rate to
make more accurate observations of the thermal arrests from which solidue
and liquidus temperatures were obtained. After the sample had melted, it
was cooled, and the procedure was repeated for another determination of
the melting point. Programmed thermal analysis was carried out two to
five times on each mixture.

After the thermal analysis had been completed, the sample mix-

ture was distilled into a waste trap filled with activated alumina. The sample
tube was then detached from the brass valve assembly, and any solids were
removed. If a mixture remained in a tube for several days between thermal
analysis and emptying, a quantity of fluffy solid (presumably PuF, formed by
radiation decomposition of PuFg) accumulated in the tube. The sample tube
was then reattached to the brass valve assembly, and the unit was placed on
the vacuum line for reconditioning.

III. RESULTS

A. Interpretation of Thermal-analysis Curves

1. Heating Curves

Figure 9 shows examples of records of the voltages of both the
sample thermocouple and the differential thermocouple obtained during the
melting of a mixture of UF¢-PuFy
(45.8 m/o UF¢). The shape of the re-
cord (melting curve) indicates that
melting takes place over a temperature
range. All mixtures yielded similar

SAMPLE
= THERMOCOUPLE

7 DIFFERENTIAL

DTt | melting curves,

In some cases, the breaks
in the melting curves were less sharp
than those illustrated by Fig. 9, parti-
cularly for the liquidus point. A round

SAMPLE THERMOCOUPLE SIGNAL, mV

DIFFERENTIAL THERMOCOUPLE SIGNAL, mV

(o) ‘ 5 Ib |‘5 2‘0 25 i
TUE, min shoulder on a melting-point curve can
be attributed to a thermal-absorption

effect which is not large enough to

Fig. 9. Voltage Records of Thermocouples
during Melting of a UFg-PuFg
Mixture (45.8 m/o UFg)
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maintain the temperature difference between the sample and the ‘sample-
block assembly until the sample has éompletely'meltéd. In such cases; the
solidus and liquidus points were deter»min‘e‘d_j by intersections of the ex-
tensions of linear portions of the curves as indicated by Findlay.’

2. Cooling Curves

, Because of supercooling effects, liquidus points could not he
determined accurately from cooling curves. A typlcal mixture ‘supercooled
extensively and then crystallized suddenly. The heat-transfer character-
istics of the sample-block assembly were such that the heat released in
freezing was insufficient to raise the sample temperature enough to yield
an accurate determination of the liquidus point from cooling curves even by
an extrapolation procedure. A thermally-insulating sample tube or larger '
samples might have yielded accurate liquidus points by cooling ‘curves.
Bullard et a_l.,6 using 1000 to 2500 g of UF¢ in freezing-point measurements,
observed supercooling of only a fraction of a degree. Priest.and Priest’
controlled supercooling in UF4 samples of 130 to 150 g by bumping the
samples. Neither the use of manual bumping nor the use of an electric
core-box vibrator eliminated the supercooling of the UF4-PuF, samples,
however.. Small samples (1 to 4 g) were used in the present work to pro-
mote homogeneity in the absence of stirring. '

The maximum temperature usually attained by the UF-PuF,
mixtures upon crystallization after supercooling was the solidus point. The
sharp maximum on the temperature record did not appear to be a reliable
measure of the solidus point. Therefore, all data accepted as measures of
the solidus and liquidus points were obtained from the records of melting

-determinations,

B. Solidus and Liquidus Temperatures

Voltages of the sample thermocouple corresponding to solidus and
liquidus points were converted into temperatures using NBS Table No. 561.8
Table I lists the solidus and liquidus temperatures in °C for the entire
range of composition between 0 and 100 m/o UF¢. Since two to five melting

TABLE I. Temperatures of Thermal Arrests in UFg-PuFg Mixtures

. Correction of Correction of
_— . Mole Fraction UFg for : . - . Mole Fraction UFg for . .

Mote Liquidus  Solidus . SO Maximum Correction of Mole Liquidus  Solidus f P Maximum Correction of

Fraction @ Pointb  PointD M Mole Fraction UFg for [ Fraction @ Pointb  Point,b M’_ﬂc_ Mole Fraction UFg for
UFg °C . °C At Liquidus At Solidus  Radiation DecompositionC|l  UFg °Cc | °C At Liquidus At Solidus Radiation Decomposition®

0.0506 53.0%0.1 51.6+01  -0.002 0.000 0581 59.4%09 57106  -0.002 -0.001

0132 53.6+0.2 515+04  -0.001 0.000 +0.002 0.677 60.3+£05 587204  -0.003 0.000 +0.005

0.141 53.6+0.1 528+01  -0.000 0.000 : 0684 59.6+0.1 58302 -0.003 -0.001 +0.005

0220 54.0+01 53.2+£02  -0.002 -0.001 0714 60.9+£03 59102  -0.002 0.000 +0.004
0.244 542403 528101  -0.002 0.000 +0.004 0751 60.9+£0.1 595103  -0.002 0.000 +0.004

0.307 556403 54300  -0.001 0.000 . 0851 624+03 61.3+0.0 -0.001 -0.001

0323 54702 538101  -0.005 -0.001 +0.004 0876 628101 61.8x01  -0.001 -0.001

0388 57.0+08 547+03  -0.003 0.000 +0.005 0924 63601 61.9+01  -0.001 0.000 +0,001

0458 56901 56.1+0.2 -0.001 0.000 0946 64404 62.5+0.3 0.000 0.000 +0.001

0.501 578+0.1 5.1+0.2 -0.002 -0.001 0964 640201 63.510.0 0.000 , 0.000

0.503 57.5+04 558104  -0.004 -0.001 :

AMole fraction calculated from total weights of components. .
bisted values are averages of two to five determinations; the uncertainties are standard deviations of the averages.
Csee Appendix A for details of calculation.
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N

curves were obtained for each mixture, values for liquidus and solidus
temperatures listed in Table I are averages, and the uncertainty values
are standard deviations from the averages. The origins of the minor cor-
rection terms listed in Table I are discussed in Appendix A.

IV. DISCUSSION

A. Meltir'lg-point' Diagram

All mixtures melted at temperatures between the melting points of '
the pure compounds. There was no evidence for the formation of any
constant-melting mixtures (no maximum-melting mixture, no minimum-
melting mixture). These observations and the shape of the melting curves

indicated that solid-liquid equilibria
65 : in the UF4-PuFy system involve a
64y ¢ OBSERVED LIQUIDUS POINT 3 continuous series of solid solutions.
63 r o OBSERVED SOLIDUS POINT
62 |
6l
60 -
59
58 r
57 r
Ser
55 r
54 r
53 r
52
51
50

Figure 10, a plot of the
solidus and-liquidus temperatures
against composition, shows the lens-
shaped diagram characteristic of a
continuous series of solid solutions.
The stable phases in the various
. areas of the-diagram are: only lig-

® uid above the lens, liquid in equi-
TS5 o3 0% 05 9% o7 o8 o9 o librium with solid solution inside
. MOLE FRACTION UFg the lens, and only solid solution
308-109 below the lens, '

IDEAL LIQUIDUS
CURVE

TEMPERATURE, °C

Fig. 10. Melting-point Diagram for the

System UFg-PuFy A mixture with a compo-

sition of 50.3 m/o UF¢ was cooled
to -9°C in a search for any thermal arrests below the solidus point that
would indicate a miscibility gap in the solid solution. No thermal arrests
were observed between the solidus point and -9°C. The result of this
cursory search, however, is not positive evidence that a miscibility gap
is nonexistent. Even though the equilibrium state of a given solid system
involves two phases, it may remain undetected by thermal analysis if the
process of splitting into a two-phase system, involving diffusion in the
solid state, is slow.’

B. Consideration of the Factors Influencing Solid Miscibility

A review of the physical properties of UFy and PuFy, in the light
of Hildebrand and Scott's discussion'® of the influence of physical proper-
ties on solid miscibility, indicates that a high degree of solid miscibility
in the UF,-PuF, system is to be expected. Hildebrand and Scott discussed
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three major influences on miscibility in the solid phase: heat of mixing,.
distortion energy, and crystal-structure compatibility.

i

1. Heat of Mixing

Mixtures exhibiting a large heat -of m1x1ng are apt to be incom-
pletely misc1b1e in the solid phase. According to regular solution theory,
for two components.with equal molal volumes, the partial molal energy of

mixing of a component:i st

BEM =" [(AEV)Y2 - (AEV)V?), S N
where L | l‘
ZEM: = 'energy of i‘i’iixing A"}{éét ofh mixingv.if volume ehe.nge on
mixing is negligible,l?‘
AEV =-‘energy4c'>‘f va‘periz"atioh' = heat of vdpoi'i‘zatio:n"- RT,
and
X, = mole fraction of component 2. -

Measurements of the liquid densities of PuF¢ are not available; the only
comparison of volumes of UFy and PuF, molecules is on the basis of calcu-
lations from X-ray diffraction data.!* Since the crystals of UF, and PuFy,
are isomorphous,13’14 the unit-cell volumes can be used as a comparison

of their molal volumes. The small difference between the calculated unit-
cell volumes for UF, (462.0 A3) and for PuF, (461.4. A3) indicates that the
molal volumes can be considered equal for an estimate of the heat of
mixing. Since the heats of vaporization of UF, and PuFg also differ only
slightly (4588 cal/mole for UF,, and 4456 cal mole for PuF¢),? the heat of
mixing calculated from Eq. 1 will be 'small.

2, Distortion Energy

A solid solution formed with a large distortion energy (lattice
distortion caused by substituting molecules of a second component for the
lattice molecules) will exhibit incomplete miscibility. Hildebrand and
Scott!® and Lawson!® related the distortion energy to the square. of the dif-
ference in molal volumes. As indicated above, the difference in molal
volumes of UFy and PuF¢ is small; therefore the distortion energy should
be small. o

3. Compatibility of Ci‘ystal Structures '

A system will exhibit incomplete i’nis'ci'bihlity in the solid phase
if the crystal structures of the two pure components are incompatible. Since
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the crystal structures of UF, and PuF6 are iéomo‘rphous,“- and since the

sizes of the unit cells do not differ gr'eatly',13 there is no basis for the in-
compatibility of the crystal structures.

' The expressions for’heatof mixing and of distortion energy
noted above are derived for spherical particles. It is assumed that these
expressions can be applied to UFg and PuF¢ molecules, which approximate
spherical geometry because of their octahedral symmetry,le nevertheless
recognizing the evidence for the distortion of the UFy molecule in the solid
state 216718 "

Considering that the above three causes offincomplete mis-
cibility in the solid phase are absent in the system UF¢-PuFy, it is not sur-
prising that the condensed-phase equilibria involve a continuous series of s
solid solutions. ' ‘

C. Comparisen of Observed Behavior with Ideal Behavior

The curves in Fig. 10,representing the locus of ideal solidus and

- liquidus temperatures, were calculated from the following equations devel-
"oped by Seltz:*?

w ] -k, oAH/RT o)
1 = .
k, eOH1/RT _ 1 ¢AH;/RT :

and
where
1 )
kl = >
eAHl;RTl
( (4)
k; 1
kp = ————,
’ eAHZ/RTZ J
N{' = mole fraction of component 1 in liquid phase,
le = mole fraction of component 1 in solid phase, |

R = gas constanf,

‘AH, = heat of fusion for component 1,

T

AH, = heat of fusion for compoenent 2, "
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T = Kelvin temperature,
T, = mclt-ing poinL: of componéﬁt, 1, °K,
and ' '
‘T, = melting point of component 2, °K.

Simpler derivations of the samc equativns were outlined by
Hildebrand and Scott!® and also by Biswas and Bashforth.?’ The develop-
ment of these equations is based on the assumption that Raoult's law holds
for both the liquid solutions and for the solid solutions.

In an isoplethal comparison (at the same composition), all the ob-
served solidus temperatures lie below the ideal values; the average devi-
ation of observed solidus temperatures from the ideal curve is -1.0°C.
In an isothermal comparison, the observed values are richer in UF, than
the ideal system; the average deviation of observed solidus temperatures
from the ideal values is +8.0 m/o. ‘

The deviation of observed liquidus points from the ideal is some-
what less than the deviation of observed solidus points from the ideal. On
an isoplethal basis, the average deviations of observed from ideal liquidus
values are +0.3 -0.7°C. On an isothermal basis, the average deviations of
observed from ideal 11qu1dus values are +4.6 -2.1 m/o :

While the observed liquidus points are scattered in the vicinity of
the ideal liquidus curve, the observed solidus points all lie below the ideal
solidus curve. Three possible causes of the apparent bias of observed,
solidus points with respect to the 1dea1 solidus curve are considered in -
Sectlon D below,. :

D. Interpretation of Deviation of Observed Solidus Points from
Ideal Behavior :

lA. Soluble Impurities

Soluble impurities can lower the solidus points of mixtures
with little effect on the liquidus points.?! This would be expected be--
cause at the liquidus point only small crystal nuclei should be in con-
tact with the liquid phase, a situation more favorable to diffusion and
the establishment of equilibrium than the ‘situation at the solidus point
where a relatively larger amount of solid is in contact with a small

! amount of 11qu1d

If an impurity were the cause of observed solidus pdiﬁts below
the ideal solidus curve in the UF -PuF; system, the impurity most likely is
HF, a product of the reaction of the hexafluorides with moisture. It is
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suggested, however, that the presence of a soluble impurity is an unsatis-
factory explanation because the impurity also would produce a lowering of
the end points of the observed solidus curve, i.e., the melting points of the
pure components; this behavior was not observed.

2. Fractional Crystallization

Fractional crystallization occurs if equilibrium is not estab-
lished between the solid and liquid phases as a mixture cools.?? If diffusion
in the solid phase does not take place at a sufficient rate for the solid to
remain uniform in composition and in equilibrium with the liquid, the first
nucleus of solid is effectively removed from the equilibrium, and becomes
the UF4-rich core of a growing solid mass. The crystalline mass is pic-
tured as a layered structure, each succeeding layer being poorer in the
higher-melting component (UF,). With the removal of UFg-rich solid from
the equilibrium, the composition of the remaining liquid becomes richer in
the lower-melting component (PuF,), and its freezing point continues to fall,
approaching the freezing point of pure PuFg as the limit. As a result, if
equilibrium is not established during freezing, the observed solidus temper-
ature will be lower than the true value. Also, after complete crystallization, .
if diffusion has not proceeded far enough to homogenize the solid phase be-
fore a melting determination is performed, the outer layer of solid, rich in
the lower-melting component, will be the first to melt; a solidus point that
is lower than the true value will be observed. It is generally recommended??
that a mixture be annealed at a temperature just below the solidus point
before heating to determine the solidus point by a melting curve. To obtain
observations of solidus points at equilibrium by thermal analysis or X-ray
analysis, Wooley and Lees?*? found it necessary to anneal alloys at tempera-
tures just below the solidus point for 2 weeks to 3 months.

Long annealing times were not considered for the system UF,-
PuF¢ because the effects of accumulation of relatively large amounts of
PuF,, formed by radiation decomposition of PuFg, on both the composition
and the temperature measurements, could not be clearly defined. The
establishment of equilibrium between liquid and solid phases might have
been promoted by an extremely low rate of cooling during freezing before
the melting-point determination, but this technique was impossible because
of the supercooling phenomenon; a typical mixture when cooled several de-
grees below the solidus point then appeared to freeze rapidly.

In one experiment, a completely crystallized mixture with a
composition of about 50 m/o UF, was annealed for 1 hr at a few degrees
below the observed solidus point. When the solid was remelted, the observed
solidus point was unchanged. Thus, if the deviation of observed from ideal
behavior is caused by fractionation, an annealing time of 1 hr is insufficient
to remove the inhomogeneity.



.3.. Thermodynamic Expression of Deviation from Ideality -

: The deviation of obscrved solidus.points from ideal solidus
points in the UF¢-PuFy system could be treated in a manner analogous to
treatments of similar systems, each expressing the deviations as activity
coefficients or excess thermodynamic functions, Seltz?® discussed the
types of deviation from Raoult's. law ;which determine the types of phase.
diagrams observed for binary systems. with complete solid miscibility.
Pitzer and Brewer?® suggested that it is possible tuv assume ideal behavior
in the liquid solutions and to calculate activity coefficients for the solid
solutions. Scatchard and Hamer,?” however, suggested that the calculation
of isothermal-activity coefficients based on measurements in experiments
at constant composition (as in thermal analysis), rather than at constant
temperature, is not justified. Scatchard and Hamer recommended the use
of analytical expression, involving only two parameters, for chemical po-
tentials to construct solidus- and liquidus curves to fit the observed points
throughout the temperature range of the diagram. The two parameters can
be related to excess free energies of mixing in the system.

However, considering that the PuF¢-UF¢ mixtures were not an-

'nealed for any appreciable periods, and lacking the assurance that the ob-

served solidus points represent an equilibrium condition, the expression of
the deviation from ideality in terms of activity coefficients or excess
thermodynamic functions could be misleading, and therefore is not presented.

V. SUMMARY

The melting of UF¢-PuF, mixtures has been investigated using the
techniques of thermal analysis. Mixtures with compositions covering the
range from 0 to 100 m/o were prepared by distilling UF, and PuFg into
nickel tubes. Compositions of the mixtures were calculated from direct
weighings of the components. ’

Owing to the extensive supercooling of the mixtures, and, presum-
ably, to the small sample sizes (1 to 4 g), the transition points could not be
measured accurately from cooling curves. All solidus and liquidus points

were therefore calculated from melting curves,

All melting phenomena occurred between the melting temperatures
of the pure components, and each mixture melted over a temperature in-
terval. These observations indicated that the solid-liquid equilibria involve
a continuous series of solid solutions; the temperature-composition diagram
has the lens shape characteristic of such a series.

Observed.liquidus points scattered about the ideal liquidus curve,
but all observed solidus points occurred at temperatures below the ideal
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solidus curve. " This behavior could be the re sult of soluble impurities, or
a thermodynamic deviation from 1dea11ty, but it is quite likely the result of
fractional crystalhzatlon during freezing preceding melting-poeint deter—

: m1nat1ons since the mixtures were not annealed in the solid‘state,

Two values of the triple point of pure PuFé'were obtained by ther-
mal analysis: 51.5 and 51.3°C. The best literature value® is 51,59°C, ob-
tained from the intersection of vapor pressure curves of solid and 11qu1d
phases. :



APPENDIX A:. -

Correction Terms

1. Corrections of Values of Mole Fraction

a. Cortection for Vaporization

Because of vapnrization and thc differeunce in vapor pressures
of UFy and PuF,, the equilibrium composition of the mixture should differ
fi'om the initial composition determined by weighing the components. The
volume of the closed sample tube was 4.9 ml. The calculated liquid volume
of hexafluoride mixture was usually about 1 ml, and the remaining space
was. filled with a mixture of hexafluoride vapor. A corrected composition
for both liquid and solid solutions was. approximated using the following
equation, based on .the assumption that both. the liquid and solid solutions
.follow Raoult's law:

: \Y
o]
N PUF, - PUFs XUFe RT ~
UFg - o v T o vy’ (5)
NUF, - PUF, XUF(, RT/ \"PuF, " PPuF(, XPuF6 RT
Awhere
N‘{JFs = mole fraction of UF6 corrected for vaporization,
X = mole fraction calculated from total amounts of UFy and
‘» ) PuF(,, ) . '
T = Kelvin temperature of solidus or:,liquidlis point,
n = total moles of component,
V = volume of vapor space =
v, total weight mixture’
total “"density of condensed mixture’
and

' VtOtal = 4.9 m]-.

For correction of mole fraction associated with liquidus temperatures:

p;JFb vapor pressure (extrapolated) of supercobled UF¢. liquid;

vapor pressure of PuFy liquid.

°
pPuF6~'

25
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The density of the liquid mixtures was assumed to'be a constant of 3,7 g/ml,
obtained by extrapolation of the "pooled data" for the density of liquid UFy

-listed by Wertz and Hedge.‘?‘8

For correction of mole fraction associated with solidus temperatures:

p%Fe' = vapor pressure of pure UFy soiid;

[+ . . S
pPuF6< extrapolated vapor pressure of pure PuF(,“ so_11d.

The density of the solid mixture was assurmned to be cqual to that of pure

UF, solid, 4.9 g/ml.?’

. v . . . .
. The correction terms.(NUF6— XUF6)’ which were added to the
mole fraction UF6(XUF6) calculated from the-total moles of UFy and PukFy,

are listed.in Table 1.

b. Correction for Radiation Decomposition

In the condensed .state, pure PuFg is decomposed to PﬁF4 by

:the alpha radiation from. the various plutonium isotopes at a rate of about

Z%/day.30 In several cases, UF¢-PuFy mixtures were prepared on a given

-day and examined by thermal analysis the followingday. Thereforethe effect

of alpha-destruction of hexafluoride molecules on composition was

-considered.

Both PuF¢ and UFy will be destroyed by the alpha radiation of
plutonium.in UF¢-PuFy mixtures. Lacking quantitative results on the rate
of decomposition of solid UFy by alpha radiation, we assumed that in the
solid state, UFy and PuFg are equally susceptible to destruction of ‘alpha
radiation.

The uranium compound formed by alpha decomposition of UFg

. solid is unknown. Shiflett ég a_l.31 were unable to-identify the uranium.com-

pounds- produced by the alpha decomposition of UFg vapor, but suggested
that they were uranium.fluorides of composition .intermediate between UF,
and UFg. The product of alpha decomposition of liquid UFy is uranium

.pentafluoride.®? Possibly the primary product of alpha decomposition of

UFy vapor-is a-lower intermediate fluoride (U,Fg or U F,;) or UF,, all of
wh1ch compounds can react with UF¢ to produce a.higher intermediate such
as UF; (Ref. 33). Similarly, the primary product of alpha decomposition of
UF¢. solid.is probably UF, or:a fluoride 1ntermed1ate in composition:be-
tween UF, and UF6

The products of alpha decomposition of UF¢ and PuFy can.all

.undergo a recombination:reaction with the fluoririe -to recreate the
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-hexafluorides. Also, Weinstock ain'(:iiMai'h"n‘1 demonstrated that PuFg will
react with either UF, or the intermediate fluorides to produce UFy and
PaF, - TN TR T T T -

Considering all the above.possibilities, the maximum change
of composition of UF¢-PuFy mixtures caused by alpha destruction of the
solids can probably be estimated by assuming that the primary product of
alpha decomposition of UFy is UFy, -and that the UF,. is completely fluo-
rinated by Dulg as follows: '

PuF, + UFy - PuF, + UF,. | (6)

This maximum effect is equivalent to the disappearance of 2% of the ini-
tial PuF, after a 1-day period. The mole fraction of UFy in a UFz-PuFy
. mixture, corrected for the maximum effect of alpha decomposition, 1 day
after preparation of the mixture was estimated by

'N{JFG: n +r"1($§86n ’ @
. —UFs PuF,
where \
n =. initial moAl‘es of component,
and

'.N{JF6 =..mole fraction of UFy with maximum correction for radi-
ation decomposition.

Values of the correction terms (N{JFs - XUF‘(,)’ which were added to the
mole fraction U'Fg(XU'Fé) calculated from the total moles of UFg and

PuFy¢, are listed in Table I.

2. Correction of Measured Temperatures

The iron-constantan thermocouple used to measure the temperature
of the mixtures was calibrated against four other thermocouples previously
calibrated directly against an NBS-standardized platinum resistance ther-
mometer. As a result of the calibration procedures, a correction term of’
+0.3°C was added to the temperatures measured by the iron-constantan’
thermocouple.
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APPENDIX B

Separation of UF¢-PuFy Mixtures by Fractional Crystalhzatlon, ‘
Calculation of Number of Equilibrium Crystallization Stages

Fractional crystallization is not under consideration as a means of
separating UFG-PuF6 mixtures in a fluoride volatility flowsheet, The
freezing-point diagram, how-.
1.0 ' .ever, -can be used to estimate
the separation of UF¢-PuFy
mixtures by fractional crys-
tallization. Since the
OBSERVED BEHAVIOR . condensed-phase equilibria
' involve a continuous series of
solid solutions, the number of
equilibrium stages needed to
effect a given separation can
be estimated by the graphical
procedure of marking off steps
on a diagram similar to the
X-Y diagrams used in esti-
mations on fractional distilla-
tion of binary liquid mixtures.
Figure 11 is a graph of mole
fraction of UFy in the solid
phase versus mole fraction of
UF¢ in the liquid phase for
Fig. 11. X-Y Diagram, Solid-Liquid solid-liquid equilibria in UFg-
Phase Equilibria in the System PuF¢ mixtures. This graph
UFg-PuFyg can be used to estimate the
‘ number of equilibrium stages
necessary to obtain a PuFy product of given purity from a given PuF¢-UF}
feed mixture. Starting at a point corresponding to the feed composition on
the operating line, the number of steps necessary to reach the composition
of the desired product are marked off: The use of the 45° diagonal as the
operating line corresponds to the condition of total reflux. The estimate
of the number of equilibrium stages obtained from this procedure assumes
perfect . separation of crystals and mother liquor at each stage. In the ter-
minology of Forsyth and Wood,?!

0.8

IDEAL BEHAVIOR
0.6 ’

0.4

45° OPERATING LINE

MOLE FRACTION UFg, SOLID PHASE

0.2+~
34

| ] ] !
0 0.2 0.4 0.6 0.8 1.0

MOLE FRACTION UFg,LIQUID PHASE

Difference in Composition between
Solid and Liquid Phases

Crystallization Efficiency = Difference in Composition x 100. (8)

Theoretically Possible

The estimates obtained from the stepping procedure assume a
crystallization-stage efficiency of 100%. The number of stages for a given
separation obtained by using Fig. 11, with the qualifications of total reflux



and the assumption of 100%. crystallization efficiency, are minimum: values.
Real operation, employing product take-off, an operating:line with a slope
of less. than 45° (less than total reflux), and stage efficiencies of less than
-100%, would require a higher number of equilibrium.stages for a given,
separation, ' .

1. Number of Equilibrium Stages from Ideal Mqlﬁing—point Diagram

For estimation of the number of stages for a separation: in.the case
of ideal behavior, the values of mole fraction UFg in solid and:liquid phases
.obtained from Eqs. 2 and 3 were plotted-in Fig. 11. Since the separation
..factor, : . '

(NUFf’)solid * (NPuF")liquid

a crystallization = (N " (Nqué) (9)

UF").liquid

solid

(where N =-mole fraction), remains relatively constant over the entire
-range, the Fenske equation yields the number of equilibrium stages for a
given separation as accurately as-the graphic procedure. Using an average

separation.factor (a) of 1.30 and the Fenske equation in the form,>®
N (N
( U'F6)feed : UF")product
log N --log N
(NPuFs), e (NPuFe) et
n.= - p b - 1: (10)
. . loga

the number of crystallization stages were-calculated, which agreed with
those obtained by the simple graphic stepping procedure on.a 25-in. square
graph. The equation:indicates.that 34 equilibrium. stages will produce 99%
PuF¢ from.a feed containing 99% UF, if the UF¢-PuFy system were-ideal,

2. Number of Equilibrium Stages from:Observed Melting-point Diagram

If the observed solidus points do represent equilibrium conditions,
they should be used to calculate the number of stages needed for separation.
Smooth curves were drawn:through the observed solidus points, and also
through. the observed liquidus points. The compositions of liquid and solid
phéses from these smooth curves were -used to construct.the curve in Fig, 11
for observed data. Since the separation factor calculated from:the smoothed,
observed data does not remain constant (varying from about 1.6 to about
2.6), results obtained by using the Fenske equation were not acceptable.

The graphic procedure, used with.the observed data, indicates that 15 equi-
librium stages will produce 99% PuFy from a feed of 99% UF,.



30

ACKNOWLEDGMENT -

The authors wish to thank Mr. Irving E. Knudsen, for providing the
sample of UFy Mr., James G. Riha, for contributing to the design jof the
sample tubes; Mr., George W. Redding and Mr. Milton Haas, for some of
the instrumental operations; and Dr. John.J. Barghusen, for a discussion
of the use of the Fenske equation, and for his suggestions on improvement

of the manuscript.



10.

11.

12.
13.

14.

15.

16,

17.

. REFERENCES

Malecha, R. F., Smith, H. O., Schraidt, J. H., Natale, J. V.

4Ross, N. E., and Brown,. H. L , Jr., "Low Cost Glove Boxes," Proceed—

ings of the Eighth Conference on Hot Laboratorzes and Equipment,
TID-7599, pp. 485~ 493 (1960)

Weinstock, B., Weaver, E. E.,.and Malm, J. G. , Vapor Pressures of NpFg
and PuFg; Thermodynamic CaZcuZattons with UFG, 'NpFg and PuFg, J. Inorg.

"Nucl. Chem. 1 » 104 (1959)

Kess1e, R. w. The Deszgn and Comstruction of Thermal FZowmeters,
ANL-6531 (March 1962).

Weinstock, B.,.and Malm, J. G., The Properties of Plutonium Hexafluoride,
J. Inorg. Nucl. Chem. 2, 380 (1956).

Findlay, A., The Phase RuZe‘and Its Applications, pp. 474 476 iongmans,
Green and Company, Inc., New York (1938); Republlshed by Dover Publica-
tions, New York. S

Bullard, H. L. Ostroskl,AA 'S., and Strlngham, W. S., Freez¢ng Pbtnt
Determinations of the Uranium Hexafluoride-Hydrogen Fluoride System,.
GAT-213, Goodyear Atomic Corporatlon Portsmouth, Ohio (Oct 1957).

Priest, H. F., and Priest, G. L., The Depression of the Triple Point as

a Means for Determining the Concentration of HF in Uranium Hexafluoride,
A-3627, Clinton Engineering Works, Carbide and Carbon Chemicals Corpora-
tion (April 1944) .

Shenker, H., Lauritzen; J. I., Jr., Corruccini, R. J., ‘and Lonberger,
S. T., Reference Tables for Thermocouples, U. S. Department of Commerce,
Natl. Bur. Standards Circular No. 561 (April 1955).

Wooley, J. C., and Smith,. B. A., Solid Solutions in AIIIBV Compounds,
Proc. Phys. Soc. (London) 72, 214 (1958)

Hildebrand, J. H., and Scott, R. L., The SoZuszzty of Nonelectrolytes,
3rd ed., pp. 300-319, Reinhold Publlshlng Corporation, New York (1950).

Reference 10, p. 129, Eq. 36.
Reference 10, p. 131. '

Steindler, M. J., and Schablaske, R.,-"Lattioe Constants- for UFg, NpFg,
and PuFg," Chemical Engineering Division Semiannual Report, January-
June 1964, ANL-6900, pp. 162-164 (Aug 1964).

- Florin, A. E.,; Tannenbaum, I. R., and Lemons, J. F. Préparation and

Properties of Plutonium Hexafluoride and Identtficatzon of Plutonium
(VI) Oxyfluoride, J. .Inorg. Nucl. Chem. 2, 368 (1956).

Lawson, A, W., On Stmple anary Solid Soluttons, J. _Chem. Phys. 15,.

831 (1947).

Weinstock, B., Rotation and Molecular Distortion'in the Condensed Phases
of Hexafluortde Mblecules, J. Phys. Chem. Solids~18, 86 (1961).

Blinc, R., Pirkmajer, E.,’Zupanc1c, I., and Rigny, P., Relaxzation Through
Anisotropic Chemical Shift in Polycrystdlline UFg, J. Chem. Phys. 43,.
2927 (1965).



32

18.

19,

20.

21.

22,

23.

24,

25.

26,

27.

28.

29.

30.

31.

32..

33.

Rigny, P., Anisotropy of the Fluorine Chemical Shift Tensor in UFg,
Commissariat .a 1'Energie Atomique——Franqe;,CEA—RZSZ?,'Céﬁffe d 'Etudes
Nucleaires de Saclay (Aug 1964). ,

Seltz, H., Thermodynamics of Solid Solutions. I. Perfect Solutions,
J. Am. Chem. Soc. 56, 307 (1934).

Biswas, A. K., and Bashforth, G. R., The Physical Chemistry of Metal-
lurgical Processes, pp. 132-134, Chapmanand ‘Hall, Ltd., London '(1962).,

Forsyth, J. S., and.Wood, J. T., The Separation of Organic Mixtures by
Crystallization from the Melt, Trans. Inst. Chem. Engrs. (London) 33,
122 (1955).

Ricci, J. E., Guide to the Phase Diagrams of the Fluoride Systems,
ORNL-2396, p. 5, Oak Ridge National Laboratory (Dec 1958). '

Hume-Rothery, W., Christian, J. W., .and Pearson, W. B., Métailurgical
Equilibrium Diagrams, p. 153, The Institute of Physics, London (1952).-

Wooley, J: C., and Lees, D. G., Equilibrium Diagrams with InSb as One
Component, J. Less-Comnen Metals 1, 192 (1959).

Seltz, H.; Thermodynamics of Solid Solutions. II. Deviations from:
Raoult's Law; J. Am. Chem. Soc. 57, 391 (1935). .

Lewis, G. N., and Randall,. M., Thermodynamics, 2nd ed.., revised by"
Pitzer, K. S., and Brewer, L., pp. 416-417, McGraw-Hill Beok Company,
Inc,, New York (1961).

Scatchard, G., and Hamer, W. J., The Application of Equations for the
Chemical Potentials to Equilibria Between Solid Solution and Liquid
Solution, J. Am. Chem. Soc: 57, 1809 (1935).

Wertz, R. J., and Hedge, W. D., Density of Liquid Uranium Hexafluoride,
K-1466, Union Carbide Corporation Nuclear Division (Feb 1965).

Katz, J. J., and Rabinowitch, E., The Chemistry of Uranium, National
Nuclear Energy Series, Manhattan Project Technical Section, Divi-
sion VIII--Volume 5, p. 427, McGraw-Hill Book- Company, Inc., New York
(1951).

Wagner, R. P., Shinn, W. A., Fischer, J., and Steindler, M. J.,
Laboratory Investigations in Support of Fluid-bed Fluoride Volatility
Processes, Part VIII. The Decomposition of Gaseous Plutonium Hexa-
fluoride by Alpha Radiation, ANL-7013, p. 6 (May 1965).

Shiflett, C. H., Steidlitz, M. E., Rosen, F. D., and Davis, W., Jr.,
The Chemical Effect of Alpha Particles on Uranium Hexafluoride, J. Inorg.
Nucl. ‘Chem. 7, 210 (1958). 4

'Steindler, M. J., Steidl, D. V., -and Fischer,. J., Laboratory Investiga-

tions: in Support of Fluid-bed Fluoride Volatility Processes, Part V.
The Radiation Chemistry of Plutonium Hexafluoride, ANL-6812, p. 4
(Dec:1963)..

Agron, P. A., Thermodynamics of .Intermediate Uranium Fluorides from
Measurements of the. Disproportionation Pressures, Chemistry. of .Uranium,
Collected Papers, TID-5290, p. 610 (1958). "



34.

35.:

Findlay, R. A., -and McKay, D. L., Separation by Crystallization, Chem. '
Eng. Progr. Symp. Ser., No. 25, 55, 163 (1959).

Perry, E. S., and Weissberger, A., (Eds.) Technique of .Organic Chemistry, '

-Vol. IV Distillation, 2nd Ed., p. 29, Interscience Publishers, New York

(1965). -

33






