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I. INTRODUCTION

The system potassium fluoride-potassium metaphosphate has
been studied by the method of thermal analysxis to determine what
compounds may be formed and the conditions under which these com-
pounds are stable, -

For such a condensed system the phase rule as deduced by Je.
Willard Gibbs may be stated as F = C - P 4 1, where F is the number
of degrees of freedom, C the number of components, and P the
numbér of phases in the system, In this case, for a two component
system, both temperature and composition mast be specified to fix
the system if there 1s only a single phase present., If there are
two phases in equilibrium, specification of either temperature or
composition will serve to fix the system, while if there are
three phases in equilibrium the system 1s invariant and both temper-
ature and composition are fixed,

Advantage 1s taken of these phase relations by use of the
method of thermal snalysis as applied to systems in phase squi-
librium. In this method a mixture of the two components is made
and heated until a homogeneous liquid phase is obtained. The melt
is then cooled at a uniform rate, with temperature versus time
measurements being recorded as the cooling proceeds. The cooling
curve plotted from these measurements will show an inflection at
the temperature at which solid first begins to separate from the
melt. The comdensed system will then be univarlant, and the
temperature will continue to fall as the solid separates., The
point of infleetion in the cooling curve results from a change in
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the rate of cooling of the mixture which i3 brought about by the
release of heat of erystallization by the separsting solid. The
temperature of initial corystallisation varies with the compositioan
of the mixture, '

A second point of infleetion, whieh in favorabls cases will
Be an almost horisontal flat, will be found en the cooling curve
at the temperature at vhich a second solid phease mms’ to separate.
This temperature is invariant since two soldd phases are in equi-
1ibriun with a liquid phase so thet F s 2 = 3 4 1 ., 0. The re-
sulting mixture of two soldd phases is known as an eutectic mix-
ture and the temperature at which they are in equilibrium with the
1iquid phase 1s the eutectic temperature.

A graph of temperature against composition cn which the de-
pendence of the temperature of initial crystallization with compo-
sition and the sutectic temperature are shown constitutes the phase
diagram of the system,

In certain two component nysﬁéu compound foraation between
tho gcomponents occurs., The cooling curve of the mixture whose
composition corresponds with thet of the compound will be that of
a one component system, The system will be invariant at the freez-
ing point of the compound, which is said to have a congruent melt-
ing point. The phase disgram has a characteristic maximum in the
curve of initial crystallisation versus composition at the ecoapo-~
sition eorresponding with that of the compound.

'In other systems, or in the same system, a compound may be
formed betwoen the two conponents whiech dissociates at or below
its melting point, For such a system there will be a point of in-



flection in the curve of initial crystallization at the temperature
above which the compound is not stable., This type of compound is
sald to have an incongruent melting point at the temperature at
which 1t dissociates,

A compound with an incongruent melting point will form a
simple esutectic with one component of the system. If the other
component 1s in excess it will separafe as a solid at a temperature
above that at which dissoclation occurs. At the temperature of
. the incongruent melting point this solid will react with the mslt
80 as to form the unstable compound. This invariant temperature
(two s0lid and one liquid phase) is known as the peritectic temper-
ature and the reaction which occurs is known as the peritectic re-
action, Cooling curves of this type of mixture will show an in-
flection at the initiation of crystallization and a halt at the
peritectice temperature,

Solid phase transitions between two crystalline forms of a
single compound can be detected by thermal analysis if the equi~-
1ibrium between the two forms is readily attained., Cooling curves
will show an inflection at the transition temperature, which is
invariant.

This sketch of the phase rule and its application has in=-
cluded only that which is pertinent to the system which was studied.
More complete discussions can be found in any good text of general

. physical chemistry, while good discussions of the methods of thermal

analysis can be fournd in most metallurgical works.

Mario Amadori (1) has studied the system potassium fluoride-

(1) Amadori Atti. accad. Lincei 21, 688-95 (1912)
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potassium metaphosphate by the methods of thermal analysis, He
presented evidenee which he interpreted as indicating the formation
of a compound with an incongruent melting point at 33,3 mole %
KPO3, which he gave the empirieal formula KPO3,2KF, Evidence was
also fommd for the formation of a cempound with a congruent melt-
iag point at 50.0 mole § KPO3, to which he aseribed the formila
KPO3.XF. Two #0lid phase transiticns were found in the system,
one of which he believed to be in KPO3, the other in KPO3.2KF.
‘The results of the present study indicate that the compound
formed at 33.3 mole & 003 is fairly stable at its melting point
and that it forms an emtectic with the compound formed at 50,0
mole £ KPO3. REvidenoe for a region of liquid immisolibility, and
for a solid phase transition in the compound formed at 50.0 mole %
XPO3 were also found. Amadori did not report either of these



IT1. mmmmn METHODS and EQUIPMENT

A tubular furnace, wound with nichrome wire, 13" inside di-
amster and 9" deep was used to heat the mixtures throughout this
investigation, A Variac (model V5ML) was used to control the rates
of heating and cocoling the furnace., The furnsce would heat to
900° 1n about 25 to 30 mimmtes with a 4} ampere current, The
furnace was satisfactory in all respects except one; that is, there
was a tempsrature gradient in the bore of the furnece so that ths
top of a erueible was at a somewhat lower temperature than was the
bottem,

A platimum~platinum, 13§ rhodium thermocouple waz used to
follow the temperature of the mixtures. This coupls was cali-
brated at the freesing points of copper and alumimum, These metals
were cbtained from and their melting points were certified by the
Fational Bureau of Standards. In addition, the freeszing points of
silver and of sodium chloride were used in the calibration, 4ll
four points fell on a straight line. Thé¢ procedure used in cali-
brntﬁ( was that recmod by Roeser and Wensel. (1) Temper-
atures were determined by cecparison with standard tables pre-
pared by Roeser and Wensel. (2)

A Leeds and Northrup type K-1 potentiometer, No. 316493, was )

(1) noonr and Wensel ﬁhﬁi W
and ENReY - 6‘?’—“, ﬁrﬂu of S8tandards, Re-
rae-Bhetiag Disrecesaios Fotiom {ahies Loz Rasima 1o
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used for most of the measurements. This potentiometer could be
easily read to 3 1 microvolt; we consider, however, that the pre-
cision of the instrument is no better than i 5 mierovolts or about
0.5°¢, A Leeds and Northrup wall galvanometer was used ;in-\bulme-"
ing the potentiometer. This galvancmeter had a period of 8 seconds,
somewhat greater than desirable, and s sensitivity of about 1.1
mierovolts per millimeter deflection, which was adequate,

A Brows Electronie recerding potentiomater was also used to
follow the cooling curves. This instrument could be read to % 5
mierovolts, and we constder that the precision was about 2 1,0%,
The Brown instrument was especially useful for the first cooling
curve of a mixture, since with it we could readily determine the
approximate temperature at which an inflection in the cocoling
curve oaourred, which expedited subsequent moeccurewents with the
type K potentiometer. The Brown potentiometer was calibrated a-
gainltrt the type K potentiometer,

An elestric kitchen clock with a large sweep second hand was
used to measure time intervals. This clock could be easily and
quickly resd, and was mmch mcTe satisfactory than a stop wateh.

The uncertainty in fonpmtnr. is believed to be of the order
of one degree centigrade.

A platimum erucible was used as a containef® for the first few
mixtures which were run, The crucible was supported in a loop in
e plstirum wire which was hung from the thermoccuple iuppertv.
These crucibles were found to be unsatisfactory, as there was creep-
ing of the mel:t from the orucible., This creeping is believed to
have resulted in a change of composition of the mixture so that



the measurements were unreliable,

All of the mixtures from which data was taken for the phase
diagram were run in crueibles of Acheson graphite. Thess crucibles
were turned down on a lathe to cutside dimensions of 50ma 1in
height and 22mm in diameter, and inside dimensions of 45mm in depth
and llmm in diameter, They were found to fulrill their purpose
very well, (

The graphite crucibles containing the charge to be examined
wore placed in a fused guarts tube which was then lowered into the
furnace, This method worked very well until part of one mixture
was accidentally spilled and reacted with the quartz, destroying
the tube, B8ince no other quartz tubes of the proper size were a-
vailable, a fire clay support was prepared. The crucibles were
lowered onto it with a pair of tongs. The prineiple objection to
this method was that it exposed the crucible to excessive cxidation
80 that the erucible besama worthless for rnrthnr'use,

The bare junction was inserted in the mixtures, This was
considered necessary because any proteeting tube containing silica
would react with the melts while metal tubes might have changed the
characteristics of the couple. Graphite proteeting tubes shoumld
have served quite well, but the bare couple gave satisfactory re-
sults and we felt that nothing would de gained by preparing such
tubes. The use of the bare junction had one very important ad-
vantage in that 1t quickly adjusted itself to the temperature of
mixture,

The mixtures of about three grams each, were prepared by
weighing out the appropriate smounts of KP and KPO3 and mixing them



with a mortar and pestle, Biﬁee 1t has been proposed that KF and
H,0 react at high temperatures to give HF and KOH, precautions were
taken to prevent the inclusion of water in the mixtures. Both
components had previously been dried in an oven at 180;200°c. The
mixture and crucible were also dried for several hours before the
crueible was filled, while the filled crugible was kept in the |
oven until time for its use, Some water was absorbed by the KF in
the process of weighing, which introduced a slight error in the
composition variable. .

Two different lots of potassium fluoride were used in this
investigation, These were Ozark-Mahening lot No. W-5-28, 99.4%4
KF and Baker and Adamson lot No, 52, reagent grade, 99.67% KF,
The potassium metaphosphate used was Ogark-lhhcninz lot No, W-5-
27, 99.9% XPO3,



ITIT. THE PHASE DIAGRAM

TABLE I

PHENOVENA ENCOUNTERED IN THE SYSTEM

Phenomenon Temperature
This study Observations of Amadori
Butectic at
20mole¥f KPOy 698° 7420
Invariant
(two liquid and 729° not observed
one solid phase)
Maximam at 33.3
molef KPOj3 8o0° not observed

Incongruent melt-

ing point at 33.3 not observed 793°
mole% KP03

Eutectie at 41 7520 not observed
mole % KPO3

Maximum at 50 mole 886° 880°

% KPO3

Eutectic at 84 mole §612° 6040

4 KP03

Transition in solid

KPO3 4430 4500
Transition in solid

KPO3.KF 8009 not observeéd
Transition in solid

KPO3.2KF 540° 540°
Freezing point, KF 859,3° 8550
Freezing point, KPO3 804,40 7980

A. Geners] Pescription. The most important temperatures found

from this ltudyAareicompared with the observations of Amadori in
Table I,
Addition of XPO3 to KF lowers the freezing point until an
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eutectic 1s reached at 20 molef KPO3 at a temperature of 6980,
Farther addition of KPO3 then results in an increase in the temper~
ature of initial erystallization until a broed, flat maximum is
reached at 800° at a composition of 33.3 molef KPO3, The eutectic
at 6980 continues in the»sydten‘ﬁp to this concentration, but at
higher concentrations of KPO3 an eutectic is found at 752°. The
temperature of initial crystallization falls rather sharply be-
tween 37.5 mcle’KP03,and the eutectic composition, 41 molef KPO3,
As the system becomes still more rich in KPO3, the temperature of
initial crystallization rises sharply to 886° at 50.0 molef KPO3,
The eutectic at 752° pergists through this range, There is some
indication of a phase transition at 540°0; those mixtures for which
cooling curvbs were taken in this range gave very slight inflections
near this temperature., Amadori believed this transition to be an
equilibrium between two crystalline forms of KPO3.2[?. Such evi-
dence as can be gained from the present study supports this view-
point; this evidence is not, however, sufficient to fully establish
this transition.

There is a transition in the KF rich part of the region and
another at 50 molef KPO3 which are difficult to explain. Some of
the 1dea§ which have been entertained concerning thése transitions
" will be presented later.

The KPO3 rich part of the system forms a simple eutectic be-
tween 50 molaf KPO3 and pure KPO3. The eutectic composition is
about 84% KPO3, while the eutectic tempsrature i1s 6120, The esutectic
tempsrature falls off sharply on both sides of the eutectic compo-

sition,



No.

27

35
28

11

12
13
19
14

Mole%
EPOB

0.0

5.06

9.98
14.9
17.19
19.61
24,73
29.66
32,71
34.73

Initial
Crystal-

lization

859.3%
841.0
817.7
780.7
758.5
None
770.6
785,2
793.9
797.0

TABLE TI

PURE KF TO 33.3 MOLES KPO3

Length Invariant

O
Halt

150"
50
40
30

20
75
120
120

(two liquid
and one solid
phase)

None
709,2°C
714.7
723.1
723.1
729.5
729.6
723.7
740,1

None

Length Eu-
of tectic

Halt
- None

5" 697.8% 25"

55 694,0
60 697.0
60 697.5
55 692.5
35 700.3
700.1
688.0
752.7

Length Transition

of

- Halt

55
60
70
45
25
80
40
40

None

5500

- §279°

527°
5400
Hot
Not
Not
Not
Not

EEEEE

Length
of
Halt

LS

10"
10
15
10

*No, refers to the order in which the mixtures were run. Those mixtures numbered
26 and smaller were made with the Ozark-Mahoning KF, while those numbered 27 and larger
weres made with the Baker and Adamson XP,
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4 so0lid phase transition is found 1n'KPO3 at 4430, This
transition persists through the system to about 37 molef KPO3,

B. The System from Pure KF to 33,3 Mole% KP03. The freezing
point of potassium fluoride, Ozark Mahoning lot No, W-5-28 was

found to be 854,0°, while that of the Beker and Adamson lot No. 52
was found to be 859,3°, This difference can be readily explained
as resulting from differences in the purity of the two lots. There
is considerable éiacrepancy in the literature values for the freez-
ing point of potassium fluoride. As an exnmple; the»Internat;onnl
Critical Tables (1) give values ranging from 851° to 885° for the
freezing point of this compound,

Throughout most of this composition range the initiation of
erystellization manifests itself by good flats, sometimés accompa~
nied by slight supercpoling, in the cooling curves. As a result,
these temperatures can be determined with connidc:able acoeuracy.
There 12 a tendeney for the temperature of initial crystallization
t0 besome somewhat lower with successive coolings of s particular
mixture.

There are three well defined halts in the cooling curves of all
mixtures between 10 and 25 mole¥ KPO3; at 5 and 30 molef KPO3 the
second of these gives only a very slight infleetion, as can be seen
from an examination of table 2. The second of these halts has con-
siderable tendency to drift downward with successive runs on the
same sample: it may eventually co}ncide with the third point if the

(1) International Criticsl Tables 4, 70
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mixture were kept molten for a long énough time. The third point
seems to be independent of the time of heating. The first of these
inflections is that of initial crystallization, and is variable
with composition, while the second and third are invariant, at

7290 and 698°, respectively, although they both have a tendency to
fall off on either side of the eutectiec,

A possible explanation for these two invariant polints 1s that
the one at the higher temperature is the eutectic for the system
vhile the lower represents a so0lid phase transition in cne of the
components, The arguments against this seem to be overwhelming.

If the transition occurred in either potassium fluoride or the com-
pound formed at 33.3 mole¥ KP03, the length of the halt in the cool-
ing ecurve shoulé increase as the composition of the mixture approach-
ed that of the pure component., Instead, the length of the halt is
greategt at the eutectic composition, and no halt is found in the
cooling curve of either pure component.

| Separation of the melt into two liquid phases at compositions
near that of the eutectic might also account for three halts.
Glasstone (2) gives a very good acsount of a system which separates
into two liquid phases. A mixture whose composition lay in the

range in which immiscibility in the liquid phaso»occurrod would
probably show no inflection when the liquid separated into two phases,
since such a trangition would be accompanied by a very small heat
effect, If cooling of this mixture were continmed, separation of

solid KF, or of the dther component, would occur when the temper-

753 '532) Glasstone, S. Jextbook of Physical Chemistry, 2nd Edition
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ature had been reduced sufficiently. This temperature would be
invariant, since two liquid phases would be in equilibrium with one
sol4d phese, As the solid continued to separate, the two liquid
phases would ad just their relative volumes so as to maintain the
equilibrium until such time as they became identical and formed a
single liquid phase, The system would then become univariant, and
the temperature would fall until the eutcctic temperature was reached,
at which time both solids would Saparate as én eutectic mixture.
Two solid phases would then be in equilibrium with one liquid phase,
and the system would be invariant. There would thus be two points
of infleetion in the cooling curve of such a mixture. This is what
wes found in the case of a mixture containing 19.6 molef KPOj,

If a mixture whose composition lay ocutside the range of limited
‘miseibility were cooled, the system would become univariant at the
temperature of initial crystallization. If this mixture were rich
in K, KF would begin to separate. As the temparature fell, the
composition of the 1iquid would adjust itself so as to maintain
equilibrium, becoming increasingly rich in KP03.2IP, until the liquid
separated into two phases. The bshavior of the system would then
be similar to that deseribed in the preceeding paragraph. That 1is,
it would be inveriant as long as thers were two liquid phases. As
soon as there was only one liquid phase, the temperature of the
univariant system would fall until the eutectic mixture began to
separate, at which time the system would ggain be inveriant. This
type ofmmixture would result in three halts ian the cooling ourve;
one at the temperature of initial crystallization, one at the in-
variant point with two liquid and one solid phase, and one at the
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invariant point with two solid and one liquid phase.

This explanation requires the existence of two regions of
partial miscibility, one small region on the KF rich side of the
eutectic and another small region on the 33 molef compound rich side
of the euteetic., Such a phenomena is not common, More powerful
methods of investigation then thermal analysis would be required to
regsolve this problem,

C. The System from 30 to 37 iole % kPOg. A poorly defined
maximum in the curve of initial crystallization is found in this

region, Supercooling is excessive for all mixtures, and it is proba-
ble that the curve should lie several degrees higher than 1s shown.
A mixture containing 32.7 molef KPO3 gives an eutectic at 6989, as
do all mixtures less rich in KPO3 than this, while a mixture con-
taining 34.7 molef KPO3 has an eutectic at 752°, as do all mixtures
more rich than this in KPO3 (up to 50 molef). This is an excellent
indication that compound formation occurs at a composition lying
between these two compositions, whose empirical formula Whuld be
given by KPO3,.2KF. Amadori reported this same compound as being
formed by a peritectiec reaction. In view of the extreme flatness

of the maximum,in the curve, which is commonly taken as indication
of a high degree of dissociation in the liquid state, it may well

be that under different experimental conditions an incongruent melt-
ing point would be found for this compound rather than the congruent
melting point which was obtained in the present study. It should be
mentioned that the cooling curves of mixtures which were run in
platinum erucibles support the contention of a compound with a con-

gruent melting point. Eutectics were found on both sides of the
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TABLE IIX
30 to 37 Molef KPO3

No. Molef Initial Length Eu- Length
of

KPO3 erystal- tectic of
lizetion Halt Halt
13 29,66  785.2° 75"  700.1°% 8o*
19 32,71  793.9 120 688.0 40
14 34,73  797.0 120 752.7 40
36 37.57  786.4 110 751,1 90
17 39.62 769.0 20 752.8 130

maxinum at the same temperatures at which they were found with the
graphite crucibles, while the temperature of initial crystallization
of mixtures containing about 40 mole%® KPO3 wes found to be consider-
ably lower than was that found at about 35 mole$ KPO3.

No mention has been found in the literature of a compound of
the composition KP03,2KF other than that of Amadori (the date found
in the International Critical Tables was taken from Amadori's work).
However, Willy Lange (3) has reported the compound KPOoF2, potassium
difluophosphate. This eompound may be formed by the dissociation
of KP03.2KF according to the equations

KP03.2KF =-KPOoF2 + K20
The free basic oxide might then react with excess KPO3 or with
KP03.2KF3

3KP03.2KF ¢ 2K 0 = K4P507 & KqP0, 4 6KF
The stoichiometric equation caen be altered to give almost any ratio
of pyro-to orthophosphate.

(3) lange, Willy Ber 62B, 793-801 (1929)
L



16

Water solutions of the mixtures which have been subjected to
thermal analysis all have a pH of about 8.5, that is, they are
either barely acidic or barely basic to phenolphthalein. They exert
a considerable buffer effect. Addition of silver ion to the so-
lutions results in a white precipitate in all cases, This precipi-
tate could be due to either or both the fluophosphate or the pyro-
phosphate 1on; orthophosphate would have given a yellow precipitate
of silver orthophosphate 1if it had been present,

We believe that the presence of potassium phrophosphate in the
mixtures is indicated. Other reactions than the one indicated may
be reponsible for the formation of pyrophosphate, however. This
subject will be expanded in the section of miscellaneous observations,

The work of Schmitz-Dumont and Schmitz (4) with systems of
alkali halides and the corresponding alkali metavanadafes‘establish-
ed the formation of compounds of the type formula MVO3.2MF for the
potassium, rubidium, and cesium systems, whiie there was no compound
formation in the 1ithium and sodium systems, Comparison of the |
alkalil metaphosphates with the alkali metavanadates indicates that
compounds of the;type MP03.2MP miéht also be stable, where M refers
to the héavier alkzli metals,

The phese diagram shows that compound formation oeccurs in the
system potasstﬁn fluoride-potassium metaphosphate at 33.3 molef
KPO3, and indicates that this compound has the formula KPO3.2KF.
Otheg methods of investigation would be required to establish the

correct formaula for this compound.

(1944§4) Sehmitz-Dumont and Schmitz Z. Anorg. Chem. 252, 329-53



TABLE IV
33,3 to 50 Mole% IP03
No., Molef Initial Lan%th Eu- Length Transition Length Transition Length

IPO3 Crystal- tectic of in KP03.2KF of in KPO3 of
ligation Halt Halt Halt Halt

19 32,71 793.9°% 120"  688.0°% 4o not run not run
14 34,73 797.0 120 752.7 40 not run not run
36“ 37.57 786.4 110 751.1 90 530°¢ 25" 4439 e
17  39.62 769.0 20 752.8 130 not run not run
15 39.68 766,0 20 749.8 90 not run not run
29 42,00 774.9 25 751.9 55 523 5 443 5
16 44,31 8s50,1 55 750,8 70 not run not run
20 48,07 880,8% 50 743.4 45 none 443 15
30 - 50,007 864,77 20  none none 454 20
21 51,92 885,4* 80 none none 443 50

*!ho temperature of initial crystallization or mixture 20, 48,07 mole$ KPOy and mixture
51,92 molef KPO3 horo tabulated has been extrapolsted to zero time of éeatinz.

? xture 30, 50,0 molef KPOy was contaminated with silica and the data from this

mixture is not considered rgliable.
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De. The asysten from 33.3 to 50,0 mole?” KPOz. wMixtures in this

composition range have an eutectic at 752° at about 41 mole? KPoOz,
The temperature of inltial crystalliizetion rises sharply from the
eutectic to a mixlmum of £26° at 50 mole¥ K’0s. Except for the
mixtures whose composition is near 33.3 moles E20z, which super-
cool excesslvely at the initlatlon of crystallization, both
initial and eutectic erystallization are represented by either good
halts or well defined inflections in the cooling curves,

As can be seon from table 4, the transition at about 5400
was found for two uixtures in this ranie, The lencth of halt is
greatest at 37.6 mole?”) KPOz. Thls 13 the transition which is be-
lieved to occur in the compound formed at 33.3 mole? KPOz,

A trensition at 443° wus found for all mixtures more rich than
374 KPOs. |

E. The Maximu: at 50.C Moled KPOz, A very well defined, sharp

maximu 1s obtaeined In the initlal crystallization curve at 50,0
mole? KPOz. (Cooling curves of nixtures whose composition lies near
thls nmaxlimm sive very good flat halts at the Initietion of crystal-
lizetion, The teaperature of inltisl crystallization declines
rapidly with emch run, however, so that extrapolation to zero time
of heatin: was required., irom this extrepolation, the melting point
of the compound EPOz.KP 18 estimated to be 8860:,

IMixtures less rich than 50.0 mole¥ XPOx show an eutectlc halt
in thelir coolin: curves at 7520, hlle those more rich than S0.0
moled KPP0z show an eutectlc halt at 6129, These different eutectics,
cormbined wilth the maxizmaum In the curve shiow that a reaction occurs

between Ki' and KPOS. to forw the compound KEPOz.¥x». Thla compound
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TABLE V
THE SYSTEM NEAR 50,0 MOLE® KPO3

No., Molef Initial Length Eu- Length Transition Length
KPO3  crystal- of tectic of in KPO3<KF of

lization Halt H- 1t Halt

29 42,00 774.9°C 25" 751.9°%¢c  55n none

16 44,81 850,1 55  750.8 70 795.4% g5

20 48,07 880.8 50 743 .4 45 803.6 55

30 50.007 864.7 20  none 799 .4 30

21 951,92 68%.4 80 none 791.7 40

22 55,03 864,3 45 526 20 799.4 10

31 60,04 B818,6 20 545 30 790.5 5

23 65,01 790 ? 581 20 none

has been reported in the literature as KpPO3F, by W. Lange (5) and
others. The monofluophosphate lon 1s reported to form salts with
other alkali and alkaline earth metals, as well as with certain
organic bases, to form fho monofluophosphates., The phase diagram
thus serves to confirm the existence of potassium monofluophosphate
and to show that it is stable at high temperatures,

Halts are found in cooling curves of mixtures in this reglon at
about 8000, These halts are well defined flats at compositions
near 50 molef KPO3, but become very poor inflections at 42 and 60
molef KPO3, This halt is believed to result from a phase tran-
sition in KPO3.KF. The temperature at which we found this tran-
sition to occur is the same as the temperature we found for the

maximm at 33,3 mole% KpO,, 800°C, Amadori reported halts at

(5) Lange, Willy (loc. cit.)
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about the same temperature, 7930, for mixtures which contalned less
than 50 molef KPO3, but did not report such halts in mixtures more
rich than this in KP03. He bellieved this halt was caused by a
peritectic reaction betwesen solid KPO3+KF and molten KF to give
solid KPO3.2KF. We believe that a solid phase transition as here
postulated is a better explanation of the experimental data.

F. Ihe Reaction at 5 Molef KPOj. We have found that when a
physical mixture of the two salts potassium fluoride and potassium
metaphosphate of about the same mumber of moles of each 1s heated
for the first time, the mixture first begins to melt at about 650°,
The temperature then contimues to rise at a uniform rate to about
735°, from which it rises more slowly to about 756°, The tempera-
ture then rises rapidly to a sharp maximum, from which it falls
off slowly to a minimum, Before the sharp temperature rise occurs,
the mixture is almost completely molten, while it is almost com-
pletely solid after the temperatﬁre rise. As heating of the mix-
ture 1s continued, the temperature rises from the minirum until
the melting point 1s reached, at which time the usual ({lattening
of the heating curve at melting points 1s found,

The sharp rise in the heating curve, accompanied by solidifi-
cation of the melt, indicates that a highly exothermic remction
occurs, The temperature at which it occurs (756°), 1s invariant,
which indicates that this reaction oeccurs slowly if at all below
this temperature, The reaction is belisved to be that between
potassium fluoride and potassium metaphosrhate to form potassium

monofluophosphate. Lange (6) reports a similar phenomenon for the

(6) Lange, Willy Inorganic Syntheses Vol. II, 157-8
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TABLE VI
THERMAL EVIDENCE for REACTION at SOMOLE® KPO3

Mole# First Reaction Time Low temper- Time Melt-
KPO3 Melt- Temperatures elapsed ature resched elapsed ing

ing Low high after reaction Point
42,00 724°c 7789 786°C 2 sec.  782°C 45 sec molten
51,92 662 754 © 833 3 789 65 885
55,03 660 756 809 3 781 30 859
60.04 651 756 795 4 792 30 838
65.01 649 754 777 10 773 15 805
70,02 651 = 753 760 10 did not decline molten
75.02 698 755 inflection only in heating curve molten

reaction between phosphorus pentoxide and ammonium fluoride. The
produets of this reaction are ammonium monofluophosphate and ammon-
ium d4ifluophosphate,

G. The System from 50 to 100 Molef KPO3. A simple eutectic is

formed between potassium monofluophosphate and potassium meta-.
phosphate at a temperature of about 612° at a composition of about
84 molef KPO3. Very good halts at the eutectic are found in the
cooling curves of mixtures near to the eutectic in composition, but
mixtures which differ much from the eutectic in composition give
only slight inflections in their cooling curves. The eutectic
temperature declines considerably in mixtures far removed from the
euteetic in composition,

The curve of initial crystallization is poorly defined through-
cut most of this region. Initlation of crystalilization manifested
itself by slight changes of slope in the cooling curves which were

difficult to read, Some of these were so poor that we would



HEATING CURVES OBTAINED AT ABOUT 50 MOLE®% KPO%

(900 *Curves traced from time-
temperature charts of the
Brown Electronic poten-
tiometer 51.9 mole# KPO o
| Reaction Tempeﬁature: 754
Temperature rise: 69°
Melting Point: .8859
700
,900
= Temperature,
= Degrees
. 42,0 mole® KPO
Centigrade . Reaction Tempefature: 778°
Temperature rise: g°
0 , _ Melting Point: molten at re-
80 ' _ actl on temperature
1 700
9200
B 65,0 mole# KPOz-
Reaction TempeFature: 753°
Temperature rise: A4
ﬁSGO Melting Point: molten at
reaction temperature
700
,  Time, Four Minute Intexzvals |
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TABLE VIX
50 to 100 MOLEf KPO3

No. Molef Initial Length Fu- Length Transition Length
KPO3 Crystal-  of tectic  of KPO3 of
1ization Halt Halt Halt
21 51,92 885.4% 80" none 443°C 60"
22 55.03 864.3 45 526°% 20" 443 35
31 60,04 818 20 545 30 445 20
23 65.01 84 2 581 20 447 30
32 70.02 726 20 591 60 443 5
24 75,02 708 ? 611.4 120 443 25
33 80,00 2 612,2 80 443 30
25 84,93 2 616.5 45 439 20
34 89.97 679 60 617.8 40 443 35
26 95,00 734.3 80 599 15 440 35
100,0 804.4 1185 none 443 35

seriously question their existence if physical observation had not
verified that solidification was oecurring.

Cooling curves of all mixtures more rich than 37 mole® KPO3
show inflections 1n their cooling curves at 443°, as well as in
the heating curves, including the first heating of the physical mix-
ture. Although the length of the halt in the cooling curve varies
from mixture to mixture, it seems to be independent of composition,
as is shown in table 7, Amadori also reported this transition
persisted throughout this temperature range, although he found the
length of the halt to become less as the concentration of KF was
increased, He believed the presence of this halt in mixtures less
rich than 50 molef KPO3 to indicate the dissociation of KPO3.KF, re-
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sulting in the formation of KPO3+2KF and KPO3. The KPO3 then
underwent a solid phase transition at 450° (According to Amadori).
This explanation does hot seem wholly satisfactory when applied to
the results of the present study. The most pronounced halt found
in any cooling curve was that in the curve for 51.92 mole$ KPO33
thls explanation would require complete dissociation of KPO3.KF,
All other evidence available indicates that the compound formed at
50 mole¥ KPOy is more stable than 18 that formed at 33.3 mole%
¥PO3., The only alternative to Amadori's proposal is that KP03 and
KPOy+KF undergo the same change in crystalline structure at the |
same'temperature, and with comparable heat effects, Neither expla-
nation is satisfactory, It is evident that ther -1 analysis is
not sufficient to resolve this problem; lndeed, all that thermal
analysis has accomplished is to pose the problem.

The freezing point of pure KPO; was found to be 804.4°C., This
compares favorably with the value of 806.89C found by Madorsky and
Clark (7). These investigators obtained this value from h-:tiny
curves; that is, it is for the melting point. KPO3 1s subject to
extensive supercooling, so that freezing point values are not re-
liable, We succeeded in "sseding” the melt by the insertion of a
small platinum wire upon which a tiny crystal of KPO3 had crystal-
lized, Good flafs were obtained at the freezing point by use of
this method. This same technique was attempted at that part of the
phase dlagram in which supercooling was pronounced; that 1is, at
30 to 37 molef KPO3, We failed to obtain satisfactory results at

(7) Madorsky and Clark Ind. Eng. Chem. 32, 248 (1940)
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TYPES OF CCOIINC CURVES OBTAINED IN THE STUDY™
T THE:SYSTEM XF-KPO
900 O0F THE:SYSTEX 2
Temperature,
Degrees
tentigrade

Initial
crystal-
ligation

Initial
erystal-
lization

Initial
crystal-
lization
Tutectic
Invariant, one
solid and two lig-
700 uid phases

| Butectiec
14,99 KPO5 WA KPOz 65,0% K.PO5
1 i 1 L | i i ]

Time, Four Minute Intervals
*These curves were traced from the time-temperature charts of the
Rrown Electronic Potentiometer.

1. 14.97KF0,,
The“curve shown clearly demonstrates the three halts
found in the cooling curves of mixtures in the region from
5to0 30 mole% KP05.

2. 37,65 7FC,,
The Burve shown demonstrates the excessive supercooling

of mixtures of composition near 33.3 molew KPOS.

3. 65.0 % KPO,,
The cfirve shown demonstrates the difficulty with which

temperatures of initial crystallization could be ascertained

in the region from 60 to 90 mole% KPOB.
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these concentrations,

Mixtures made with the Ozark Mahoning KF were found to have
consistently higher tamperatufes of initial crystallization than
were hixtures made with Baker and Adamson KF in the region from
50 to 100 % mole% KPO3. Throughout the other half of the phase
diagram, however, there was no apparent difference between the re-

sults obtained with the two lots of potassium fluoride,
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IV. MISCELLANEOUS OBSERVATIONS

A. Ihe Gasecus Fhage. The system KPO3-KP was considered to
be a two eomponent, condensed system throughout this investiga-
tien, Unfortunately, this was not strictly true.

Some of the mixtures of 003 and KF eonld be removed from the
gravhite crucidbles withoit damage. These were weighed and in each
instance the charge was found to have lost weight. This loss in
waight was dependent on time of heating and was of the order of 1%
by weight per hour that the mixture was kept molten. Gases could
be seen in the furnacej it was also noted that silicicus msterials
above the melt wore moderately attacked by these gases. Universal
indfcator paper, dampened and held at the top of the furnace,
rapidly took on the color which it assumed in solutions of pH less
| These observations showed that an acidic gaseous phase existed
in the system at sufficiently high temperatures. The loss of
these acidic gases undoubtedly changed the composition of a mix-
ture being studied and at the same time intreduced impurities into
the charge. It 1s belleved that in most cases the change in com=
position was not great encugh to interfere with the study; the
introduction of impurities, however, caused the tempepature of
initial erystallization to be lowered. It was noted that through-
out the system the temperature of initial erystallization fall with
sucecessive runs on a specific mixturej at 50 molesf KPG4 this decline
was 30 large as to nacessitate an extrapolation to gero time of
heating. |

It has been proposed that at high temperatures the alkali
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fluophosphates are hydrolytically decomposed to hydrogen flnoride
and alksll hydroxides. This 1s 1In sgreement with the observa-
tions of W. Lange (1)« The precautions taken with the mixtures
used in thils study should have been aﬁfriciont to exclude the
possibility of occluded water, so that hydrolysis would necessi-
tate a surface reaction with atmospheric water. We belisve that
this reaction was unlikely to have occurred.

Thermal decomposition would also aceount for'tha cbservations
‘which were made, as is shown by the hypothetical equation:

SEgPOSF = POPy + Kp0 + EgFalq
Equations can also be proposed which would result in the formation
of orthophosphate, but as has been previously mentioned, manslyais
indicated that no oﬁthophouphate was present. Lnngo (2) has re-
ported that POFa is hydrolysed to wmonoflunophosphoric and di-
fluophosphoric acids, both of which are strong aclds and wounld
account for the acldity of the gaseous phase.

On the basia of these rather casusl studies we believe that
thermal decomposition of potassium monoflvophoaphate occurs slow-
ly at temperatures above ita melting point; the primary products
of this decomposition being potassium pyrophosphate and phosphore-
ous oxyfluoride. A thorough investigation of this decomposition
should make an 1ntorosting‘study.

The decomposition of KPOgx*2KF, the hydrolytic and thermal

{1y Langs, Willy Ber, 82B, 786-92 (1929)
{(2) Lange, Willy (loec. cit,)
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decomposition of KPO3-KF as postulated in this thesis all result
in the formation of potassium oxide, and of potassium pyrophos-
rhate. Thermal analysis of systems of equimolar quantities of

KPO3
to which were added small quantities of K

and Kr and of systems of two moles of KF to one mole of KPO3
20 or K4P207 should be
interesting and informative.

B. Chemjical Analysis. The first mixtures which were sub-
jected to thermasl analysis gave very poor results., In one of
these, of about 50 mole%® KPOB, the temperature of initial crys-
tallization rose rapidly with successive heatings and seemed to
be approaching a maximum of about 1100 or 1200°C. Other mix-
tures also gave results which were, to say the least, peculiar.
As an example, a micture containing 33 mole% KP03 had a tempera-
ture of initial crystallization well below that obtained with
either a 30 or 35 mole% KPO, mixture. It was decided that
analysis of selected mixtures for fluorine and phosphorus would
be of ald in the study of the system.

The Ozark Mahoning Company very kindly sent outlines of the
procedure used by them for these analyses. The procedure follow=-
ed in the fluorine analysis was essentially the Churchill (3)
modification of the Willard-Winter (4) procedure. It involved
the steam distillation of fluosilicic acid from either sulfurie
or perchloric acid., Titration of the distillate with standard

(3) Churchill, H. V. Ind. Eng. Chem., Anal, Ed. 1Z, 720-21
(1945)  ’ ’ ’

(4) willard, I. H. ané Winter, O, B. Ind. Eng. Chem.,
anal. Ed." 5, 7 (1933).
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thorium nitrate, using sodium alizerin sulphonate as indicator,
then resulted In the quantitative precipitation of thorium flouride.
~ The analysis for phosphorus was conducted by first hydrolysw

tng.ill of the phosphates present to ortpcphosphate with dilute
nitric acld, Silvar_hitrnte was then uno& to preeipitate silver
orthophosphate from the solutlon, the pH of which was carefully
centrolled to prevent the precipitation of silver oxide or the
solution of the orthophosphate., The excess of sil&er was then
titrated with gtandsrd potassium thioeyanate (to a ferrous
ammonium sulphate end point) and the amount of phosphorus cal-
culated from this titer. |

In ell cases, the mixtures analysed were found to have a very
low fluorine content, and to'hawe an approximately theoretical
phcaj:horud content. It was thought at firat that the method of
analysis might be at fault, but analysis of s sample of silver
monoflﬁéphonphste Zave virtﬁally theoretical results for fluorine
Y walli#a for phpsphorns’ﬁnd'silver. We selected thosé mixtures
for anal&sis which had given anomolous results, which #aa per=-
ﬁgps an unfortunate chaice;"in the hope that we could determine
thoir proper place on the phase dlegzram. We succe#ded,only in
'ahdwing that these mixtures had an extremely low fluorine content,
and no longer could be considered as being of the system under
inveatigation; 7 m

The preclslon obtained in the fluvorine analysls was poor, so
that it seemed undesireble to put more time into work of doubtful

values
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V. CONCLUSIONS

The system potasslum rluoridé-potaasium mataphosphate has
been studlied by the methods of thermal analysis, The data ob-
tained by thls study has been uaed to construct the phase diagran
of the system.

A maximim occurs in the phase diagram at 33.3 mole per cent
potassium metaphosphate, which indicates the formation of the
stable compound KPOye2KF, which melts at 800°C. The work of
We. Lange with the fluophosphates indicates that this compound
may dissociate into potassium difluophosphate, KPOpFp, and po-
tassium oxide., The compound forms an eutectic with potassium
fluoride at 20 mole per cent potassium mgtnphosphato;~vhieh melts
at 698°c. This compound appesrs to undergo s change in orys-
talline form at about 540°.

Another maximum is found at 50.0 mole per cent potaualﬁm
metaphosphate. This Indicates that a stable compound, KPOz<*KF,
is formed at thls concentration. The work of W, Lange supports
the contention thst this compound 18 potassium monofluophosphate,
EoPDsP. It forms eutectlcs with the compound formed at 33.3 mole
per cent potassium metaphosphate at 41 mole per cent potassium
metaphoaphate which melts at 7529C and with potas=ziuvm metaphos-
phate at 84 mole per cent potassium metaphosphate which melts at
612°Cc. Potassium monofluophosphate undergoes a change in crys-
talline form at 800°C.

Potassium monofluophosphate 1s formed by a highly exothermic
reaction between equimolar quantities of potassium flnoride and
potassium metaphoaphate at 7569C,
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Potassium metaphosphate undergoes a change in crystalline
form at 443°C. There are indications that potassium monofluo-
rhospheate undergoes the same transition at the same temperature.

Evidence, which was far from counclusive, was found for the
existence of a region or regions of vartial misclbility in the
melt in compositions near the eutectic found at 20 mole per cent

potassium metaphosphate.
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