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II. Introduction
A. Project History

Cffice of Naval Research Contract 401(05)-NR356-294, "Aggre-
gation Reactions of Phosphates in Ansolvous Media," covered the

period October 1, 1951 through September 30, 1953. Personnel of
the vroject were as follcws:

Meyer M. Markowitz, one-half tine research assistant, euploye?d
October 1, 1951 through December 31, 1952. Principal responsi-
bility: Thermal aggregation of alkali metal hydrogen phosphates.

Robert P. Langguth, one-half time research assistant, employed
June 16, 1952 through August 31, 1952. Principal responsibility:
Thermal aggregation of divalent metal hydrogen phosphates {only a
portion of the work on this subject contained in this report was
actually supported by this project).

Robert G. Fessler, one-half time research assistant, employed
February i, 1352 through July 20, 1952. Principal responsibility:

Effect of humidity on the thermal aggregation of hydrogen phos-
phates.

" Bteven Fitch, one-half time research assistant, enployed
September 20, 1952 through September 30, 1953, Principal responsi-

bility: Effect of humidity on the thermal aggregation of hydrogen
phosphates.

This project was under the direction of Dr. K. X. Osterheld.

an e

B. Scope of the Project

The large scale use of high temperature reactions in essen-
tially ansolvous media is an important part of the phosphate in-
dustry, particularly for the preparation of aggregated species.

In spite of this, relatively little has been learned about the
course or mechanism of even the most common reactions. Although
it has long been clear that the behavior of phosphates at elevated
temperatures depends upon the cation present a systematic investi-
gaticn of the aggregation reactions in systems employing a variety
of cations has been lacking. To provide a basis for a better
understanding of phosphate aggregation reactions the present pro-
Ject undertook to augment available data pertaining to the thermal
aggregation (thermal decomposition} of sodium and potassium hydrogen
phosphates with comparable data for other alkali metal systems
specifically, for lithium and cesium hydrogen phosphates) and for

divelent metal systems {specifically, for barium and lead hydrogen
phosphates).

Inesaich a5 there wis evidence that the course and product of
the thermal aggregation of hydrogen phosphates depends upon the

humidity of the atmosphere surrounding the sample, this phenomenon
was also investigated.



I1I1. Technical Reports on the S8everal Phases of the liork
A, Experimental Techniques

1. Differential thermal analygis.

The method of differential thermal analynis served to deter-
mine the temneratures at which dehydrations, transitions, and
reactions of the materials under investigation occurred or bhecome
appreciable in rate. TFor differential thermal znalysis a ten gram
sample in a platinum crucible was heated at » controlled rate in a
small muff{le furnace along with ten grams of similarly ploaced
ignited aluminum oxide. Pt-90Ptl0ORh thermocouples in conjunction
with Brown Electronik recorders produced continuous, simultaneous
records of the samnle temperature and of the difference in temper=a-
ture between the sample under investigation and the aluminum oxide.
The thermal cnalysis apparatus wags calibrated periodically against
the folleowing standards:

Benzoic acid M.p. 122°C
Potassiwm dichromate M.p. 3930
Potassium sulfate Trans. 583°
Sodium chloride M.p. 800°

The corrections reguired were from O to 4 degrees Centigrade.
Temneratures listed throughout this report were obtained by con-
sidering the two graphs and have been corrected as required. The
temperature measurements were considered reliable to within 3°.

It must be realized that reaction temperatures given in this report
are the temperatures at which the reactions become appreciable in

rate and are generally not the minimum temperatures at which the
reactions will occur,.

2. X-ray analysis.

X-ray diffraction powder photographs were obtained using nickel
filterea Cu-Ka radiation. Tnese photographs were used for guali-
tative identification of the crystalline phases present in samples.
However, since the data may prove useful to others, in Section V

the x-ray diffraction patterns are listed for many of the materials
encountered in this work.

3. Chemical analysis.

Unless otherwise noted in later sections anzlyses were perform-
ed as indicated below.

a. Orthophosphate was determined by the Jones volumetric
procedure {1). After interfering polyphosphates had been removed
by precipitation with barium ion the osrthophosrhate was precipi-
tated as smmonium phosphomolybdate which was then deterniined
volumetrically.



b. Pyrophosphate and triphosphate were determined by the
Bell method (2). Briefly, the uetrod consisted of adjusting the
pH of the unknown sclution to 3.80 and adding a zinc sulfate
solution also at pH 2.80. Under uniform conditions titration with
standard sodium hydroxide solution becit to pH 3.80 was a measure of
the total nyrophosnhate content plus an empirical fraction of the
triphcosphate content. During the titration zinc pyrophosphate pre-
cipitated. The weight of the zinc¢ pyrophosphate after reprecipi-
tation and ignition served as an independent measure of the pyro-

pnosphate content of the sample and permitted caiculation of the
triphosphate content.

c. Long-chain metaphosphates were precipitated as bharium salts

after adjusting the acidity according to the method of Jones (1).

ne precipitated metavhosphates were converted to orthophosphate

by boiling with nitric acid and determined as orthophosrhate by the
method outlined in a, above.

d. Cyclic metaphosphates alone remained in sclution when a
barium chloride solution was added to the unknown solution and the
mixture made alkaline to phenolphthalein {(1). After filtration,
the cyclic metaphosphates were converted to orthophosrhate by boil-

ing with nitric acid and were determined as orthorhosphate by the
method outlined in a, above.

e. Total phosphcrus content of a samrie was determined by
converting all phosphates present to orthophosphate by btoiling the
sample with nitric acid (1) and performing 2n orthophosphate
analysis as outlined in a, above.

f. Lead and barium analyses were performed in standard
fashion {(3).

g. Acid equivalents of the acid orthophosphates were deter-
mined by the titration of the dihydrogen orthophosthates with
standard sodium hydroxide to the phenolphthalein end-point and
titration of the monohydrogen orthophosphates with standard hydro-
chloric acid to Lhe iethyl orangc cnd-peint.

h. The length of long-chain netavhosphates was estimated by
the method of end-group titration (4), making use of the obser-
vation that there is a relatively weakly dissociated hydrogen ion
for each end of & polyphosphoric acid.

B. Thermal Aggregation of Alkali Metal Hydrogen Pnosphates

1. Introduction.

The extensive literature of the phosphates is largely concern-
ed with the sodium and potassium phosphates, the scdius phosphates
having acouired considerable commercial importance in recent years.
It is clear from published studies thcet the high temperature
chemistry c¢f hydrogen phosphate anions is dependent upon the cation
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in conjunction with which they are studied. Thug, at moderate tem-
peratures sodium dihydrogen orthophosphate may be readily converted
to sodium dihydrogen pyrophosphate, whersas the analogous reaction
with the potassium szlt does not stop at the dihydrogen pyrophos-
phate but proceeds to the formation of potassium metaphosphate.
Also, suitable thermal trestment of sodium dihydrogen orthophos-
phate produces severel different crystalline sodium metsphosphates:
only one crystalline votassium metaphosvhate has been obtained by
such means. Furthermore, sodium metaphosphate forms a clear glass
resdily, but potassium metaphosphate glass preparations are invari-
ably clouded by partial crystallization of the material.

To evaluate the effect of different cations on the behavior of
the hydrogen phosphate anions data must be available for o wider
veriety of hydrogen phosphates. Only a few, relatively superficial,
studiecs have been reported dealing with the thermal aggregation of
other than sodium and potassium hydrogen phosphates. As a part of
this project systematic studies of the thermal behavior of lithium
and cesium hydrogen phosphates were carried out, interesting in
themselves as extensions of available information concerning the
alkali metal phosphates and interesting in that the availability of
data for a greater variety of cations makes possible some discus-

sion of the factors influencing the temperature and course of these
reactions.

2. Preparation of alkali metal hydrogen phosphates.

a. Lithium dihydrogen orthophosphate. To a slurry of lithium
carbonate in water was added a 50% excess of orthophosphoric acid.
The resulting solution was evapcrated until it became viscous and
was allowed to cool. Lithium dihydrogen orthophosphate was vrecipi-
tated by the addition of acetone. To insure that the product was
dihydrogen orthophosphate, this initial material was heated with
glaclal acetic acid on a water bath for two hours. The product was
recovered by filtration. A fine, free-flowing powder was obtained
by washing out the traces of acetic acld with acetone. The lithium
dihvdrogen orthophosrhate was dried at 150°; no decomposition was
analytically detectable at that temperature. Analysis for PO,~7:
Found 90.6%, calculated 91.4% {corresponds to 99.1% LiH,P0,).
Titration of the product to the phenolphthalein end-point required
only 94.8% of the theoretical quantity ot strong base. This
rhenomenon has been previously reported for this material (5).

b. Lithium monohydrogen orthophosphate. The successful prepa-
ration of lithium monohydrogen orthophosphate has never been report-
ed. Attempts to crystallize this conpound from agueous solutions
of appropriate composition produce instead a highly insoluble tri-
lithium orthophosphate, which 1s believed not to be a true tri-
lithium orthophosphate but to contain hydroxide ions as well. True

trilithium orthcphosphate can be prerared by the high temperature
reaction:

LiH,P0, + Li,C0; —> Li,P0, + H,0 + CO,.



An intimately ground mixture of stoichiometric quantities of the
reactants reached constant weight when heated for three two-hour
periods at 900°, the sample_having been ground between heating
periods. Analysis for PO,-’ calculated as P,05: Found 60.6%,
calculated for Li,P0, 61.3% {corresponds to 98.8% Li,PO,).

Lack of success of attemptsto prepare lithivm ¢ihyd:oror ortho-
phosphate from agueous solution caused us to consider ueihois of

preparation in ansolvous media. The following reactions becwacn
solids were atteupted:

2 LiH,P0, + Li,CO03; -~—> 2 LiHPO, + CO, + H.0,
LiH,PO, + LisPO, -—> 2 L1i,HPO,.

Neither apwnroach vroved successful.

¢. Cesium dihydrogen orthophosphate. Dilute {(3N) ortho-
phosphoric acid was added to a solution cf 55 g. of cesium hydroxide
in 200 ml. of water until the methyl orange end-point was reached.
The solution was evaporated tco about one-haif its original volume
and allowed to cool to room temperature. Addition of 400 ml. of 95%
ethanol caused precipitation of the product as a white, crystalline
material. This was recovercd by filtration, washed with 95% cthanol
and dried at 150° for two hours. Yield: 94.9% based on cesium.
Analysis for PO4—3: Found 41.0%, calculated 41.3% {corresponds to
99.3% CsH,PO,). Titration with standard base to the phenolphthalein
end-point gave a value of 99.9% CsH,PO,.

d. Cesium monohydrogen orthophosphate. Dilute {3N) ortho-
phosphoric acid was added to a solution of 100 g. of cesiuwa uy-
droxide in 300 ml. of water to the phenolphthalein end-voint.
Evaporation of the resulting solution to the appearance of a film
of crystals on the surface of the liqguid, followed by the addition
of absolute ethanol to the vigorously stirred cooled solution gave
an olly layer of product. Additional heating and stirring of the
product with absolute ethanol brought about crystallization. The
final product when dried at 100° for eight hours was the mono-
hydrate. Yield: 118 g., 93.1% of theoretical based on cesium.
Analysis: 100.1/% Cs,HPO,-H,0 {on the basis of PO,~>). Titration
with standard hydrochloric acid to the methyl orange end-point gave
a value of 100.3% Cs_HPO,-H,O0.

Thermal analysis showed the dehydration of the mnonohydrate be-
came appreciable in rate near 115°. The total weight loss experi-
enced by the monohydrate in reaching constant weight at 145° corres-
ponded to the loss of 1.01 moles of water per formula weight of
Cs,HPO,:H,0. The product thus obtained analyzed as 100.1lw Cs,HPO,
(on the basis of PO,~°). Anhydrous cesium .ionohydrogen ortho-
phosphate and the monohydrate were highly delicuescent substances.

e. Cesium dihydrogen pyrophosphate. Fighty grams of cesium
pyrophosphate {produced by igniting cesium mnonohydrogen ortho-
phosphate) were dissolved in a solution of 270 wl. of glacial acetic
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acid in 250 ml. of water {(Cf. ref. 6). The solution was heated,
with continuous stirring, for two hours at 50°, cooled, and the’
vroduct precipitated by the addition of 1800 ml of 95p ethanol,
while stirring. The product was recovered by filirstion, washed
with 300 ml. of ether and dried for three hours at 60°. Yield:
41.0 g., 81.9% of theoretical. Analysis for P,0 -%: Found 78, 5% 5
calculated 39.4% /correaponds to 97.7% Csszp 073 Analysis for

total P,0 Found 31.7%, calculated 32.1% (corresponds to 98.6%
CSZHZPZO73

Since in this preparation only half of the cesium is recovered
as the dihydrogen pyrophosphate, the combined flLfrates, from the
vrecipitation and washings, were treated with a 10% excess of
orthophosphoric acid. The solution was evaporated to thu appear-
ance of crystals., After cooling the solution ¢5% ethanol was added
to cause preciritation. Yield: 33.0 g. of CsH,PO, of 98.0/
purity (based on PO,~°).

3. Modification ol the differential thermal analysis wethod.

In our first thernal analyses of lithium dihydrogen orthc-
phosphate the irregular appearance of an exothermic break in the
temperature range 331-403° was noted. It was found on further
investigation that the exothermic process was reproducibly absent
from thermal analysis curves when care was taken to maintain a low
humidity level in the atmosphere surrounding the sample. On the
other hand, the presence of a crucible of water in the furnace
caused the regular appearance of the exothermic process when the
thermal analysis was run. Consequently, the thermal analysis ap-
paratus was modified to permit the continuous sweeping out of the
furnace - ity {volume about 1000 ml.) with preheated dry air {flow
rate abc .. 85 ml. per minute). All data relative to the thermal
behavior of lithium and cesium hydrog = phosphates presented in

this report was obtained under the low-humidity conditions afforded
by the modified apparatus.

4. Thermal decomposition of lithium dihydrogen orthophosphate.

Differential thermal analyses of lithium dihydrogen ortho-
phosphate carried out under low-humidity conditions exhibited just
three breaks, all endothermic, at 189°, 277°, and 656°,

a. The endothermic process at 189°. 1In order to determine
the nature of this process, samples of lithium dihydrogen ortho-
rhosphate were heated at four temperatures in the vicinity of 189°.
The samples were heoted for regular periods and ground between
periods; heating and grinding were continued until essentially con-
stant weight was obtained. Samples were withdrawn for chemical
analysis after each nmeriod.. Table 1 lists thc trestment required
to reach constant weight at the several temperatures and the com-
positions of the constant weight products. Tables 2 and 3 show the
progress of the isothermal decomposition at 189° and 230°.



Table 1

Thermal Decomposition of Lithium Dihydrogen Orthophosphate.

Heeting % of total P as: a
Temp. periods po,~> P00, P30,0-0 (PO,
189° 7-2 hr. 2.5 86.4 0.0 11.1
2050 6-2 hr. 1.6 82.4, 0.0 16.0
2250 3-1 hr. 0.9 91.8 0.0 7.3
2300 3-2 hr. 37 £9.2 0.0 10.1

a
= By difference.

It was evident that the primary reaction at or slightly above
189° was:

2 LlI'IzPO4 — LiZHZPZO-, + HzO.

However, a side reaction to nroduce lithium metaphosrhate must also
have occurred. It is significant that most of the lithium meta-
phosrhate formed during the period when the conversion of ortho-
phosphate to pyrophosphate was proceeding imost rapldly {cf. Tables

2 and 3). A picture that accounts for this will be presented in a
later section of the report. Thermal analyses of *he products
described in Table 1 showed complete absence of the 189° brezX.

The new lines appearing in the x-ray patterns of samples taken dur-
ing the reaction were attributed to lithium dihydrogen pyrophosphate.

b. The endothermic process at 277°. The investigation of the
process thot became rapid at 277° was carried out on samples obtain-
ed by heating lithium dihydrogen orthophosphate to constant weight
at about 230°. From Table 1 it can be seen these samples were
princinally lithium dihydrogen pyrophiosphate but were contzminated
with lithium wmetaphosphate. The behavior ot these samples at 275°
and 285° is shown by Tables 4 &nd 5. X-ray examination of the
samples of the 275° series showed a steady disappearance of the
lines characteristic of lithium dihydrogen pyrophosphate and a
regular increase in the strength of a new set of lines, taken to
be those of lithium metaphosphate. These data showed that the re-
action becoming rapid at 277 was:

n LizI’Izpzc'; —> 1n H20 + 2(LiP03)n-

¢. The endothermic vrocess at 656°. Thermal analysis of the
_lithium metaphosvhate gave only an endothermic break at 656°, at
which point the lithium metavhosphate fused. Slow cooling of the
fused material vermitted recrystallization to give the original
metaphosphate. The white, crystalline metaphosphate originally
obtained or recrystallized from the melt was insoluble in water
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Table 2

Progress of Lithium Dihydrogan Crthoprhosphate
Decomposition at 1%3°C

Cumuleative % of total P as:

4 5 ; =
time PO, > Bigin, ™ BB (Po, )
O hrs. 100 0 0 0]
2 5 24, 0 1
4 36 61 0 4
6 g 84 0 10
8 4 85 0 11
10 2 35 0 1z
12 3] 86 0 13
14 3 86 0 13

Table 3

Progress of Lithium Dihydrogen Crthophosphate
Decomposition at 225°C

Cumulative % of total P as:
5 ; -
tine PO, > BBy BB {ro;7)
0 hra. 100 0 0 0
e 5 90 0 7
2 P 92 0 8
3 2 92 Q 9
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Table 4
Progress of Tithium Dihydrogen Pyrophosphate Decomposition
at 2'75°C
Cuwulstive % of total P ase
fLime PL0,~" Bl (Pn,”)
0 hrs. 94, 0 6
2 72 0 <9
4 J9 0 61
6 20 0 &1
g 14 0 57
10 10 0 95
Table 5
Progress of Lithium Dihydrogen Pyrophosphate Decomposition
at 285°C
Cumulative % of total P as:
time Pyl BBy (P0,7)
0 hrs. 29 0 1L
2 b5 0 67
4 16 0 84
6 4 0 25
8 3 0 i
10 2 0 97
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{(but somewhat soluble in the presence of much pyrophosphate). The
lithium metaphosphate is probably of a highly polymeric nature.
Rapid quenching of fused lithium metaphosphate produced a clear,
water-soluble glass that gave a diffuse x-ray pattern. An aqueous
solution of the glass formed a precipitate with silver ion that was
soluble in excess metaphosphate. This indicated the glass was of a
long-chain, polyphosphate character. Thermal analysis of the pow-
dered glassy material produced two breaks. The first, an exothermic
break at 359°, corresponded to crystallization of the glass to give
the original crystalline metaphosphate, verified by an x-ray dif-
fraction pattern of a product obtainzd by heating a glass sample
slightly past 359°. The second break was encdothermic, occurred at

6562, and was the melting point of the crystallized lithium nmeta-
phosphate.

5. Thermal decomposition of cesium dihydrogen orthophosphate.

Differential thermal analyses of cesium dihydrogen ortho-
phosphate carried out under low-humidity conditions showed endo-

thermic processes became appreciable in rate at or near 233°, 263°,
330°, 4809, and 735%«

a. The endothermic process at 233°., Samples of cesium di-
hydrogen orthophosphate heated to constant weight at 234° and 250°
(i.e., at or slightly above the first thermal analysis break) ex-
perienced weight losses corresponding to complete conversion to
cesium metavhosphate., Thermal analyses of the constant weight
meterials did not show the first three breaks, which indicated
these were ccnnected with the overall process of the conversion of
the orthophosphate to metaphosphate. The results of chemical
analyses of samples withdrawn after each heating period during the
conversion at 234° are presented in Table 6. It was evident that
cesium dihydrogen pyrophosphate was an intermediate ir the reaction.

Table 6
Progress of Cesium Dihydrogen Orthovhosphate Decomposition at
234°C
Cunulative % of total P as:
time PO,~3 P,0,"% (PO;")
0 100 0 0
2 72 30 oA
A 40 58 2
6 13 33 2
8 3 86 11
10 0 71 30
12 0 51 49
14 0 29 70
16 0 7 G4
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Cesium dihydrogen pyrophosphate prepared by the acetlc acid
method described in an earlier section (III B 2e) was subjected to
thermal analysis. The 233° break did not appear; the four higher

brezks did occur. Thus the 233° break was associated with the
process:

< CSH2P04 —— CSszpzo" + H20 3

end marked the temperature at which that process became appreciable
in rate,

b. The endothermic processes at 263° and 330°. The breaks at
263° and 330° in the thermal analyses of cesium dihydrogen pyro-
phosphate (and which were absent from thermal analyses of meta-
phosphate prepared at 234° and 250°) must have been connected with
the conversion of the dihydrogen pyrophosphate to metaphosphate.
The fact that two breaks were connected with this conversion sug-
gested: 1) that two cesium metavhosphates differing in molecular
or crystal structure were involved and that as the temperature was
raised the first formed metaphosphate was converted to the second,
or 2) that there was formation of an intermediate polyphosphate
(e.g., a triphosphate or tetraphosphate).

The first interpretation, that two metaphosphates were involved,
was discarded in that cesium metsaphosphate samples prepared at
lower temperatures did not show either the 263° or 330° breuxs.
Also, insofar as metaphosphates differing in molecular structure
were concerned, only long-chain cesium metaphosphate was encounter-
ed; no cyclic metarhosphates were analytically detected in any of
the samples obtained during the course ¢f heating cesium dihydrogen
orthophosphate or cesium dihydrogen pyrophosphate.

The second intervretation, that an intermediate polyrhosphate
{(besides the pyrophosphate) was formed, is more difficult to assess.
Analytical data for samples taken at intervals during the conver-
sion of cesium dihydrcegen pyrophosphate to cesium metaphosphate at
250° and at 275° appear in Table 7. Since aporeciable coprecipi-
tation of metaphosphate prevented the independent gravimetric
determination of pyrophosrhate in samples that contained more than
15 wvt. % cesium metaphosphate the analytical data for pyrophosphate
in Table 7 were based on the volumetric determination only; the
calculation in effect assumed that triphosphate and higher poly-
phosphates were absent. The fact that in a number of cases the
analyses for pyrophosphate and metaphosphate did not account for
100% of the phosphorus content was an indication that triphosphate
and/or higher phosphates were present during the course of the re-
action. However, the usually close approach of the analyses to
accounting for 100% of the phosphorus served to show that any inter-
mediate was present in relatively small amounts. Furthermore,
although possibly the intermediate was non-crystalline, none of the
x-ray pictures for samples taken during the conversion of cesium
dihydrogen orthophosphate at 234° or of cesium dihydrogen pyro-
phosphate at 275° showed any lines attributable to other than cesium
dihydrogen orthophosphate, dihydrogen pyicrhosphate, or metaphos-
phate. It was clear that conversion of the dihydrogen pyroprhosphate
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Table 7

Progress of Cesium Dihydrogen Pyrophosphate
Thermal Decomposition

Hours % of tgtal P as: Hours % of total P as:
at 2500 Pl PO, , at 275° - e PO, "1
0 100 0 0 100 0
2 84, 16 1 51 49
4 70 30 2 17 8,

6 52 42 3 5 92
8 42 - 4 4 95
10 32 68 5 3 97
12 23 75 6 2 98

14 15 84

Based on volumetric imethod only. See text. No cyclic
metaphosphate detected in any sample.

to metaphosphate might have proceeded through an intermediate poly-
phosphate but that the quantity of the intermediate present at any
time must have been small, in fact, small enough that it was diffi-
cult to attribute the 330° break to its presence.

A third interpretation was possible. The 263° break could be
attributed to the conversion of cesium dihydrogen pyrophosphate to
metephosphate (the process perhaps involving trensitory intermedi-
ates?, and the 330° break then attributed to a change in the rate-
contrclling step of the above process or sorme more fundamental
changc in reaction nechanism. A specific suggestion can be inade
along these lines. On the basis of other studies it appears likely
that the kinetics of most hydrogen phosphate thermal decomposition
reactions are diffusion-controlled, the rate-controlling process
being the transfer c¢f water molecules from the reaction zone in the
interior of each particle to the surface of the particle through a
layer of reaction product. The break at 263° would, on this basis,
be attributed to the rate of conversion of cesium dihydrogen pyro-
phosphate to cesium metaphosphate becoming appreciable, the rate
being detcrmined by the diffusion process, particularly after an
adherent surface layer of product had built up. The 330° break
might then mark a temperature at which the diffusion difficulty
is removed or greatly lessened. Unfortunately, evaluation of this
interoretation must wait upon the development of adcquate treat-
ments of the kinetics of thermal deccmposition of solids based on
study of simpler systems.

c. The endothermic process at 430°. The process at 480° proved
to be reversible and marks a crystallographic transition charac-
teristic of the cesium metaphosphate.
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d. The endothermic process at 735°. The cesium metaphosphate
fused at 735°. Products obtained by slow cooling of the melt or
gquenching in chloroform at -70°C gave identical x-ray patterns.

The quenched meterial dissolved readily in water; the clowly cooled
material gelled in water, slowly dissolving to form a viscous
solution. Agueous solutions of both materials gave precipitates
with silver ion which dissolved in excess of the phosphate, which
indicated the metaphosphate was of the long-chain polyvhosphate
variety. Aqueous solutions of the slowly crystallized metaphosphate
coused immediate and abundant precipitation of solutions of albumen
in dilute ace*ic acid, whereas solutions of the quenched product
gave only a slight turbidity, which indicated the quenched material
was of distinctly lower molecular weight. To check the latter
observation, cesium metaphosphate was heated to 1000°. One portion
was cooled slowly to room temperature, the other was quenched in
chloroform at about -70°. Chemical analyses showed the guenched
material conteined 5.4 wt. % of cyclic metaphosphates; the other
product had ncne. End-group titrations (corrected for cyclic ineta-
phosvhate content) showed that the number average chain lengths of
the slowly cooled and of the quenched metaphosphates were 112 and
40 PO;~ units, respectively. The pH's of 1% aqueous solutions of
the slowly cooled and quenched products were 5.54 and 4.70, respec-
tively. The greater acidity of the quenched material was attribu-
ted to reaction of the shorter, broken chains with water:

0 (9 )\ 0 /oy
P-04-P-04P-0 + H,0 —> HO-P-04P-O4P-OH ,
o \o /o o \o /o

n

and the ionization of the weakly acidic ternmninal hydrogen ions.

6. Thermal decomposition of cesium monohydrogen orthorhosphate.

Two endothermic breaks appeared at 339° and 965° in the dif-
ferential thermal analyses of cesium monohydrogen orthophosphate.
Analyses of products showed the 339° break to mark the temperature
at which the conversion of cesium monchydregen orthopheosphate to
cesium pyrophosphate became arnreciable in rate:

2 CsHPO, —> Cs,P,0, + H,0 .

The cesium pyrophosphate fused at 965°., Cooling and hzating curves
for cesium pyrophosphate showed a reversible crystallographic
transition at 238°.

7. Comvarative thermal stability of alkali metal pyrophosphates.

hccording to the Lux-Flood (7) adaptation for high temnerature
oxygen-containing systens of the Lewis acicd-base theory an acid-
base reaction involves the combination of an oxicde ion (the Lux-
Flood base) with an acid, the transfer of an oxide ion from base to
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acid, or the passage of an oxide ion from one state of polarization
to another.

Reactions involving a change irn degree of aggr=gation in
oxyacid systems, such as:

0;5-0-80,-° === 80,-* + 80,

are regarded as being of an acid base nature. A number of these
have been investigated by Flood and coworkers {(8). They concluded
that the instability of the oxygen bridges in the condensed species
was a function of the polarizing power ¢f the cation associated with
the decomposing anion. IFor pyrosulfates, instability increzsed in
the sequence K< Na< Tl <Lic<Ag ; for dichromates the seguence was
K< Na <T1l.

A brief study of the thermal stability of 2lkali metal pyro-
phosphates was undertaken for couparison. Thermal decomposition of
alkalil metal pyrophosphates icay proceed in two ways:

an.PzOr; e nMaPO,, * (MPOB)H ’

In either cese P-0-P bonds are broken. If the first rezction occurs
it would be expected that annealing at lower tenperatures uight
bring about recombination to pyrophosvhate. If the second reaction
occurs loss of the phosphorus pentoxide from the sample would be
expected to preclude recoabination on annealing.

Analyses {reported here as weight % of alkali metal pyro-
phosphate in the ssmple) were norformed on four types of samples.
Exnerimental details and analyses appear in Table 8. The variations
in pyrophosphate content were not those which would have been
expected on the basis of Lux-Flood considerations. The fact that in
all cases the pyrophosphate content rose after the tempering period
was evidence that the disproportionation into orthophosvhate and
metaphosphate was responsible for at least part of the disappearance
of pyrophosphate.

This work only explored the cuestion of thermal stability of
the condensed phosphates. Additional study, particularly truly
equilibrium study, for which we did not have time, is clearly
desirsble.
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Table 8
Thermal Stability of Alkali Metal Pyrophosphates

Analyses of samples of type ¥

Compound Melting point I I1 I11 ll
Li,P,0, 875°C 98.8 97.2 25.2 96.4
Na,P,04 985° 9.0 98.5 98.2 99.1
K,P20, 1090° 98.5 96.9 90.9 92.9
CS/,PZO" 9650 99-0 96.8 93-5 95-1

% loss in P,0,-° content

II 111 v
L :E20 1.7 3.5 2 oy
Na4P207 005 008 "O-l
K,P.0, 1.6 7.7 5.7
CSI'P207 2-2 5-6 3.9
N

I. Original sample.
~II. Heated for two hours at 1000° and slowly cocled.
III. Heated at 1000° for five minutes and quenched in 0°
carbon tetrachloride.
IV. Material from III annealed for two hours at 700°.

C. Therinal Agegregation of Divalent Metal Hydrogen Phosphates

1. Intreduction.

Relatively few studies have been made of the aggregation re-
actions occurring when solid divalent metal hydrogen phosphates are
heated although the reactions might be expected to be analogous to
those in the classical method for preparetion of tetrametaphosphate
compounds {9). The classical method calls for heating copper oxide,
lead oxide, or another heavy metal oxide with a slight excess of
phosphoric acid to a temperature not to exceed 450°C. Feactions
occurring when crystalline divalent metal dihydrogen orthophosphates
are heated might be expected to proceed in better defined fashion.
In our program of studying hydrogen phosphate thermal aggregation
reactions in conjunction with various cations, barium dihydrogen
orthophosphate and iead dihydrogen orthophosphate were chosen as
reprcsentative divalent metal systems for study.
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2. Preparation of barium and lead hydrogen phosphates.

a. Barium dihydrogen orthophosphate. Powdered barium hydrox-
ide was added to a2 50% solution of orthophosphoric acid until pre-
cipitation began. After discarding the precipitate slow evaporation
of the filtrate on a stcam bath produced anhydrous crystals of
barium dihydrogen orthophosphate. Analyses of product: Ba 41.30%,
P present as PO,-> 18.75%; calculated for BaEHzPO4g2: Ba 41.44%,

P 18.69% (corresponds to 99.7% and 100.3% Ba(H,PO,),, respectively).

b. Lead monohydrogen orthophosphate. Lead monohydrogen ortho-
phosphate precipitated when a hot solution of orthophosphoric acid
(5% excess in 500 ml. of water) was added to a poiling solution of
100 g. of lead nitrate in 300 ml. of water Analysis of the pro-
duct: P present as P0,-° 10,21%, calculat.d for PHIPO, 10.22%
(corresponds to 99.9% PbHPO,).

¢. Lead dihydrogen orthophosphate. The lead iconohydrogen
orthophosphate was dissolved in warm concentrated orthophocsphoric
acid. Lead dihydrogen orthophosphate precipitated on cooling the
solution. The crystals were washed with diethyl ether. Analyses
of product: Pb 51.21%, P present as PO,'-3 15.54%; calculated for
Pb(H,PO,),: 51.65% and 15.44%, respectively {corresponds to 99.2%
and 100.6% Pb{(H,P0,),, respectively).

3. Thermal decomposition of barium dihydrogen orthophosphate.

Differential thermal analyses of barium dihydrogen orthophos-
phate showed that endotheriiic processes became appreciable in rate
at 243°, somewhat above 300° (very weak), and 875°.

a. The endotherinic process at 243°. Weight losses for barium
dihyvdrogen orthophosphate samples heated to constant weight at 245°
and 270° {(i.e., at or somewhat above the temperature of the first
break) corresponded to the conversion of the samples to barium
metaphosphate. Analytical data, presented in Table 9, for samples
withdrawn during the thermal decompcsition of barium dihydrogen
orthophosphate at 245° showed barium dihydrogen pyrophosphate to be
a reaction intermediate, but there was no evidence for any higher
poiyphosphate intermediate. An interesting feature of the reaction
at 245° was that the x-ray diffraction pattern characteristic of
barium dihydrogen orthophosphate was retazined by the samples through
1.5 hours of heating. That is, it persisted through the decom-
position of 84% of the dihydrogen orthophosphate groups, about 72%
going to dihydrogen pyrophosphate and 12% to metaphosphate. On
further heating the dihydrogen orthophosphate pattern was replaced
by that of barium metaphosphate. Although no new lines appesred
through the first half of the reaction a systematic decrease in
the barium dihydrogen orthophosphate interylanar spacings was noted
{an increase in line spacings) with each heating. The contraction
was attributed to the replacement of pairs of dihydrogen ortho-
phosphate ions by dihydrogen pyrophosphate ions, the temperature
being insufficient to permit major recrystallization. The x-ray

pattern, of course, was largely due to reflections from planes of
barium ions.
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Table 9

Progress of Barium Dihydrogen Orthophosphate
Decomposition at Z245°

a
Cumuiative % of total P as:
time PO, -3 B, 0,=* (PO;7)
0.0 hrs. 100.0 0.0 0.0
@s5 82.2 17.9 0.0
1.0 50.1 49.3 0.0
1.5 15.9 72.0 11.6
2.0 8.4 20.8 69.5
2.5 1.4 4.0 93.5
2.0 0.8 1.0 98.0
&

No triphosphate found. With the Bell method this implied ab-
sence of higher polyphosphates as well.

b. The endothermic process slightly above 300°. This endo-
thermic process was very weak. It occurred in the thermal analysis
curves for samples of barium dihydrogen orthophosphate or of barium
metaphosphate, passing the temperature for the first time, but was
absent from cooling or subsequent heating curves. There was no
detectable weight loss or change in x-ray diffraction pattern
associated with the break. 1t should probably be attributed to a
small amnount of impurity, perhaps some previously unconverted
dihydrogen pyrophosphate or the product of a side reaction.

c. The endothermic process at 875°. The barium metaphosphate
fused at 875°. On moderately slow cooling the melt appeared to
recrystallize completely to give the criginal metaphosphate. The
x-ray pattern was unchanged by fusion and recrystallization, and

subsequent heating curves showed no break other than the 875° melt-
ing point.

d. The identity of the barium metaphosphate. The barium meta-
phosphete produced by the thermal decomposition of barium dihydrogen
orthophosphate was treated as an aqueous suspension with 50% of the
calculated amount of sodium sulfate. The resulting suspension was
filtered and the soluble metathetical product recovered by adding
acetone to the filtrate until no further precipitation occurred.

The precipitate was recovered by filtration and dried at 80°. The
x-ray pattern of this soluble material was principally that report-
ed by Bell, et al. (10), for the high temperature form of sodium
tetrametaphosphate four-hydrate but also contained strong lines of
anhydrous sodium tetrametaphosphate and sodium sulfate. 1t was con-

cluded that the barium metaphosphate was the cvelic tetrametanhos-
phate.
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Furthermore, the x-ray diffraction pattern {see Section V) and
meiting point for our product were identical with those for barium

tetrametaphosphate prepared by the Warschauer method according to
the directions of Andress, et al. (11).

4. Thermal decomnposition of lead dihydrogen orthophosphate.

Differential thermal analyses of lead dihydrogen orthophosphate
shoved endothermic processes became appreciable in rate near 208°,
320° (weak), 338° {weak), and 667°c.

a. The endothermic process at 208°. Weight lossez for
samples of lead dihydrogen orthophosphate heated to constant weight
at 195° and at 210° (i.e., in the vicinity of the teuiperature of

the first thermal analysis break) corresponded to conversion of the
samples tc lead metaphosphate.

An investigation of the course of this conversion was hampered
by inability to devise a satisfactory analytical scheme, It was
observed, however, in a thermal analysis of a sample thet had lost
three-fourths of its "constitutional water" (1.5 moles out of 2.0
moles per formula weight of Pb{H,PO,),) that the sample still under-
went further reaction starting at temperatures as low as originally.
On the other hand, by the time half the constitutional water had
been lost samples exhibited a new x-ray pattern, the lines charac-~
teristic of lead dihydrogen orthophosphate being completely absent.
On this basis it was postulated that lead dihydrogen pyrophosphate
was an unstable intermediate. The 208° break would then mark the

temperature at which the following reaction became appreciabls in
rate:

Pb(HzPOL)Z — PmZP207 + Hzo.

b. The endothermic processes at 320° and 338°, palthough
thermal analyses of lead dihydrogen orthophosphate showed endothermic
processes occurred near 320° and 388°, lead dihydrogen orthophos-
phate was completely converted to lead metaphosphate by extended
heating {(about 20 hours) at temperatures as low 2s 195°, and thermal
analyses of the lead metaphosphate so produced did not exhibit the
320° :nd 388° brezks. These breaks may have corresnonded to tem-
peratures at which stens in the overall process abruptly increased
in rate although all steps must have been rapid enough to readily
effect conversion at much lower temperatures.

c. The endothermic process at 667°. Thae lead metaphosphate
fused at 667°C. Even on moderately slow cooling of the melt a
clear, glassy product was obtained. The powdered glass crystallized
when heated to 375° to give a material having the same x-rvay pat-
tern as the original metaphosphate.

d. Identificaticn of the lead metaphosphate. A stoichiometrie
amount of the lead metaphosphate was added to a well stirred solu-
tion of sodium sulfide. After filtering the resulting suspeusion,
the soluble product of the metathesis was recovered from the fil-
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trate by adding acetone until there was no further precipitation.
The product was dried at 120°, The x-ray pattern of the dried
material was principally that of znhydrous sodium tetrametaphosphate
but included lines of the high temperature form of sodium tetra-

metaphosphate four-hydrate. It was concluded that the lead meta-
rhosphate was the tetrametaphosphate.

This conclusion was supported by the fact that the x-ray dif-
fraction nattern and thermal analysis curve {(m.p. 667°) for the
lead metaphosphate produced by the thermal decomposition of crystal-
line lead dihydrogen orthophosphate were the same as those for lead
metaphosphate obtained in the classical Warschauer preparation.
Warschauer {(9) presented evidence for the tetrameric nature of the
product of this preparation using lead oxide and phosphoric acid,
and for the identity of the anionic species with that of the meta-
phosphate produced when copper oxide ic used (the latter being
generally accepted as copper tetrametaphosphate).

It must be noted, however, that Andress and Fischer {(12) in
recently reported work concluded that a lead metaphosnhate also
prepared by the thermal decompcsition of lead dihydrogen ortho-
phosphate and having an x-ray pattern identical with curs but melt-
ing at a lower temperature (600-650° compared to 667°) was not a
tetrametaphosphate but was a long-chain metarhosphate. Some of
their evidence for its long-chain nature is based on prownerties of
the solution prepared from the lead meltaphosphate by metathesis
with sodium sulfide: The sodium salt solution was highly viscous,
had marked complexing ability, gave a deep orange-red silver com-
plex, and could not be crystallized. Our solutions were not viscous
and rezadily yielded a crystalline product. The metathetical cycle
used by them to specifically demonstrate the thermal instability of
lead tetrametaphosphate in the temperature range involved in these
preparations serves equally well, using their reported results, to
demonstrate that lead tetrametaphosphate is stable 2t the tempera-
tures involved. Thus one pilece of evidence presented by them for
the thermel instability of lead tetrametaphosphate was the fact that
the x-ray pattern of a sanmple prepared by dehydrating lead tetra-
metaphosphate four-hydrate at 215° showed the lines of the long-
chain metarhosphate. These lines are the ones we have assigned to
the tetrametaphosphate.

our work suprorts the older work of Warschauer {although he
employed lead oxide-orthophosphoric acid mixtures and we employed
crystalline lead dihydrogen orthophosphate) which conciuded that the
product at temperatures short of fusion was lead tetrametaphosphate,
the product after fusion being a different chemical entity, prob-
ably long-chain metaphosphate. Parts of Warschauer!s observations
have been criticized by some on the basis of a wisguote to the
effect that heating the lcad tetrametaphosphate first produced past
400° converts it to another modification. His statement was that
heating the lead metaphosphate past A400° until a completely clear
melt results converts it to another modification.
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D. Pyrophosphate-Metaphosphate Phase Diagranms

1. Introduction.

In view of the differences in thermal behavior of the divalent
metal dihydrogen phosphate systems as compared to the alkali metal
dihydrogen phosphate systems - specifically the formation of barium
and lead tetrametaphosphates whereas trimetaphosphate and long-chain
metaphosphate form in the alkali metal systems, an investigation of
reactions in dihydrogen phosphate-monchydrogen phosphate mixtures
designed to produce polyphosphates was undertaken. It was already
known that triphosphate was the only polyphosrhate, other than pyro-
phosphate, that could be detected when sodium or potassium dihydro-
gen-monohydrogen orthophosphate mixtures were neated.

Reaction products were obtained in several metal systems {(lead,
barium, cesium) by heating mixtures »f the dihydrogen and mono-
hydrogen orthophosphates of the metals at as high a temperature as
could be used without causing the appearance of a liguid phase.

The reaction products were evaluated by subjecting them to dif-

ferential thermal analysis and constructing a phase diagram from
the thermal analysis data.

2. The asystem: 1lead nyrophosphate-lead meteaphosphate.

Samples corresponding to various compositions in the lead pyro-
rhosphate-lead metaphosphate system were prepared by heating
appropriate mixtures of lead dihydrogen and monohydrogen ortho-
phosphates to constant weight at 550°, a temperature 'at which the
individual reactants are converted to lead tetrametaphosphate and
lead pyrophosphate, respectively, but below the temperature of
appearance of any liquid phase. The products were ground thorough-

ly using an agate mortar and reheated at 550° for twelve hours to
insure complete reaction.

Data from the differential thermal analysis curves of these
sanples appears in Table 10 and Figure 1. The temperaturcs and
strengths of the various arrests made it evident that a new species
corresponding to 1P,0,-":2P0,;~ was present in the system. This was
the composition of lead tetraphosphate, PbsP,0,35. The x-ray dif-
fraction pattern for the lead tetraphosphate samrle was distirnct
from that of lead tetramctaphosphate and that of lead pyirophosphate
{see Section V). X-ray patterns for the other samples were those
of lead tetranhosphate and lead tatrametaphosphate or lead pyro-
phosphate, which supported the thermal evidence that no polyphos-
phate other thhan tetraphosphate occurred intermecdiate between lead
pyrophosphate and lezd tetrametaphosphate in camples prepared at
550¢. Lead tetraphosphate melted incongruently at 700°.
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Table 10

The System: Lead Pyrophosphate-Lead Metzrhosphate

& Pb,P,0,;-Pb,{P0,), PbiP,0;a

Mole Per Cent FEutectic Incongruent n.p. Liguidus
P,0p%- PO~ Temp. Strength Temp. Strength Temp.

0.0 100.0 -——- - - - 667

5.0 95.0 645 b -—— - 663
10.0 90.0 645 b -——= - o052
15.0 S50 645 b - - 648
20.0 80.0 645 8 ——— - 675
25.0 75.0 645 4 —_— - 695
30.0 70.0 645 2 703° 10 700
B3 a0 ——— 0 700 7 133
40.0 60.0 -—— - 700 11 770
45.0 55.0 - -= 700 3 780
50.0 50.0 -——- -— 700 6 790
55.0 45.0 —— - 700 5 794
60.0 40,0 - -— 701° 3 798
&

Molar compositions are calculated in terms of the species PO3-
and P2074' and not in terms of their lead salts.

b
Rate control not in use.

3. The system: Dbarium pyrophosphate-barium metaphosphate.

A phase study similar to the one just described was attempted
for the system barium pyrophosphate-barium metaphosphate. Samples
corresponding to various compositions in the system were orcpared
by heating appropriate mixtures of barium dihydrogen and niono-
hydrogen orthophosphates to constant weight at 550°. The products
were ground thoroughly using an agale mortasr ond reheated at 650°
for twelve hours to 1lnsure complete reaction.

Data from the differential thermal analysis curves for these
samples appears in Table 11. However, the liquidus for these
sanples lay above 1050°, above the range of our eguipment.

No conclusions could be drawn from the available thermal dota.

X-ray diffraction patterns of the s2mples indicated that all
the samples contained a compound other than bariun pyrophosphate or
barium metaphosphate. The x-ray pattern for tnis material is list-
ed in Sectlon V as "barium polyphosphate." There vere no discern-
ible trends in the strengths of the X-ray lines to permit assign-
ing a composition to the compound.
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Table 11

The System: Barium Pyropvhosphate~Barium Metaphosphate
a

Mole per cent Breaks in heating curves

P207~“ P05~ Temp. Strength Temp. Strength Temp. Strength

20.0  80.0 850 5 895 L - -
25.0 75.0 850 6 895 2 994 1
30.0  70.C 850 5 £95 3 990 i}
33.3 66,7 850 4 895 4 986 1
40.0  60.0 850 3 895 5 986 2
45.0  55.0 850 1 895 7 986 2

N

Molar comgositions are calculated in terms of the species PO,
and P,0,~", not in terms of their barium salts.

4. The system: cesium pyrophosphate-cesium metaphosphate.

Samples corresponding tco various compositions in the cesium
pyrophosphate-cesium metaphosphate csystem were prepared by heating
appropriate mixtures of cesium dihydrogen orthophosphate and cesium
monohydrogen orthophosphate-monohydrate at 250-300° and annealing
the products at 415° for 15 hours. Data from the differential
thermal analyses for these samples appear in Table 12. The data
were characteristic of a simple eutectic system.

Table 12
The System: Cesium Pyrophosphate-Cesium Metaphosphate
a
Mole per cent Eutectic arrest Liguidus

P,0,-* PO, ” Temp. Strength _temp.
0 100 - - 925"

5 T 51 3° 5.0 708

10 90 528 6.3 676
15 85 528 7.0 628
R0 80 528 8.6 588
25 75 528 9.0 603
30 70 528 8.0 643
29 65 528 .5 693
40 60 528 6.0 728
45 55 533 5.7 769
50 50 530 5.0 805
59 45 528 e 852
60 40 g3 3.8 877
100 0 - - G965

a =
N4 In terms of the species PO, and onv".
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However, when samples of all the intermediate compositions
were annealed at temperatures lower than 415°, snecifically when
annealed for 24 hours at 330° or 36 hours, 72 hours, or 2 weeks
at 385°, thermal analyses showed breaks at 445°. Unfortunately,
the strength of the 445° breaks varied in erratic fashion with
composition and with manner of annealing. While no firm conclusion
could be drawn, the obsarvations pointed to the presence of a
cesium polyphosphate, the compzssition of which could not be adduced.
A sample that exhhibited a moderately strong break at 445° and that
should have had 73.9% of its phosphorus content as metaphosphate
and 26.1% as pyrophosphate if those were the only vhosnhatu species
present, was actually found by chemical ana1y31s to have 70.6% of
its DhospnOIus content as metaphosphate and 20.8% as pyrophosphate.
No cyclic metaphosphates were found. The discrepancy of 2.6% of
the phosphorus being unaccounted tor supported the presence of an
analytically undetectable polypnosphate in the system.

BE. Effect of Humidity on the Thermal Aggregation

of Hyvdrogen Phosphates

1. Introduction.

For some years it has been evident that the thermal aggregation
reactions undergone by hydrogen phosphates are affected by the
humidity of the atmosphere in which the samples are heated.

the reactions we are concerned with here involve water as
phase, e.g.

Since
a gaseaous

2 M,HPO, —> M,P,0, + H,0 ,
one might expect that variations in the humidity of the atmosphere
would affect the temperature at which aggregation occurs. One can
say, a priori, that the hydrogen phosphate must be heated to a
temperature at which its dissociation pressure exceeds the water
vapor pressure of the atmosphere before conversion will occur.

In addition to the above, more or less obvious, effect of water
vapor another, more subtle, effect has been noted. A change in the
humidity of the atmosphere in vhich a hydrogen phosphate is heated
nay cause a change 1n reaction product Thus, the use of humid
conditions is 1lnvolved in the preparablon of a sodium metaphos-
vhate (13). In a previous section (III B 3) we pointed out a dif-
ference in behavior of lithium dihydrogzen orthonhosphate when
heated under humid or non-humid conditions. Additional examples
have apvpeared in the literature but no se¢rious attempts to elucidate
the nature of this effect have been reported. At the termination
of this project our investigation of this problem had noct been
completed. Our observations and preliminary conclusions folliow,
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2. ©Special differential thermal anzlysis apparatus.

Although the differential thermal analysis apparatus employeu
in the studies described in the earlier sections of this report
provided for continuous sweeping of the furnace cavity with pre-~
heated dry air it was necessary to design and construct a new
apparatus adapted to the task of performing ‘lifferential thermal
analyses under controlled levels of humidity and for carrying out
reactions at controlled temperatures snd humidity.

A 2.5 cn. diameter tube furnace, with a heated zone 2bout 567
cm. in length, was the foundation of the apparatus. HKHunidity con-
trol was effected by sweeping the tube with a continuous flow of
an air-water vapor mixture at a lineal rate of about 2% cm. per
minute measured at room temperature, or about 50 cm. per minute
at 300°, a more significant temperature. A constant hezd device
supplied water at a constant and measured rate to & flash boiler
located within the tube at the entrance to the tube furnace. A
constant and rieasured flcow of dry air was introduced at the same
point. The air and water vapor were mixed and preheated by passage
through 40 cm. of the tube furnace before coming in contact with
the sample. A removable rack inserted through the exit end of the
tube furnace facilitated introduction of the sample, a similar
anmount of aluminum oxide, and the geveral thermocouples.

Pt-90 Pt 10 Rh thermocouples were used. Temperatures were recorded
and the apparatus calibrated as described in Section III A 1 of
this report. Possible humidity variations from the recorded values
were estimated to be 5%.

3. The thermal decomposition of sodium monohydrogen orthovhosphate.
The thermal decomposition of sodium monohydrogen orthophosphate
2 I\iazHPO4 """‘") Na;,onr, + I'Izo

was chosen as a2 relatively simple process on which to comnence a
study of the effect of humidity. Differential thermal analyses
were run on sodium monohydrosen orthophosphate in a dry atmosphere
and in atmospheres contzining various molc¢ fractions of water
vapor. The samples used werc the reagent grade annydrous salt. It
is to be expected that other preparationz than the one we used will
give somewhat different results. Reactlion was detectable at Z82°C
in the thermal analysis run in a dry atuosphere. The reaction
appeared to continue at moderate ratz up to 321°C, at which point
there appeared to be a sudden marged increase in rate, Comparison
with the thermal znalyses carried out in hunid atmospheres chowed
the temperature at which reaction could first be detected in therme
snalyses to be sensitive to huamidity, whereas the temperature at
which the markad incresase in rate was obgerved was relatively
insensitive {see Tuble 13).
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Table 13

Thermal Anslyses of Sodiun ionohydrogen Qrthophosphate
at Controlled Humidities &

Mole fraction H,0 in atmos. 6,00 0.46 0.85 1.00
Reaction detected (°C) 2820 287° 3020 3170
Reaction became rapid (°C) 322° 318° 320° 3220
a

The temperatures listed here differ from some previously rerorted
in that thermocouple correctinns were not appliied to vslues in
preliminary reports.

The variation with humidity of the temperature at which re-
action could first be detected suggested that ecach increase in
humidity recguired that the reactant reach a higher temperature bLe-~
fore its dissoclation pressure exceeded the water vapor pressure of
the surrounding atmosphere (a necessary condition for reaction).

To test this, a second series of experilments was performued,
using a heating rate of 10° per minute. Thermal analyses czrried
out at several heating rates indicated the general chape of the
curves to be independent of heating rate from 10° ner minute to
40° per minute (Table 14) but showed a rate of 10° per minute to
be desirable from the standpoint of ease of reading the curves,
particularly with respect to detecting the onset of reaction. Data
from the second series appears in Table 15.

Table 14

Thermal. Analyses of Sodium Monohydrogen Orthophosvhate in
Dry Air at Several Heating Rztes

Heating rate Reaction first Reaction became
°C/min. detected rapid
38 274° 3R23°
32 R79° 319¢°
19 R_77° 315°

31 _76° SLi®
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Table 15

Thermal Analyses of Sodium Monohydrogen Orthophosphate at Con-
trolled Humidities, Heating Rate 10°/min.

Partial pressure H,0, mm. 0] 194, 391 659 728
Rezction detected, °C 270° T 2E8° 295° 300°
Reaction rapid, °C 322° 16" 3190 320 Zl5e

Ascuming that the temperature at which reaction was first de-
tected was actually that at which reaction commenced (i.e., the tem-
perature at which the dissociation pressure reached and ezcceded
the partial pressure of water in the atmosphere) and applying to
the data for detection of the reaction the eguation:

" Pi o_ oA 11
P2 R T, T,

led to a value for the heat of reaction of 37 kcal. per mole of
sodium nyrophosphatc formed. The heat of reaction calculated from
heat of formation znd hest capacity data in the literature was 30
kcal. per mole of sodium pyrophosphate formed at 300°C. This in-
dicated the assumption made earllier was reasonable, namely that the
increase in the temperature at which evidence of reaction first
appeared that accompanied an increase in humidity could be attribu-~
ted to the necessity for an increesed dissocisction pressure before
recaction would commence. Actually, in studying rcactions that may
be slow or have induction periods, the technicue of differential
thermal =2nalysis does not serve well to fix the temperature at
which reaction is initiated. In such a dynamic study, with the
temperature increasing steadily, the temperature niay rise consider-
ably between the time reaction starts and the tine the reaction is
proceeding repidly enough to visitly affect the heating curves.

It is quite likely that reaction set in here at {emperaturcs dis-
tinctly below those listed.

It was evident that nore had to be learned about Ysiple®
hydrogen phosphate thermal decompositions, such as the conversion
of sodium monohydrogen orchophosphate to sodium pyrophcsphate, bo-
fore a serious attempt could be made to understand the theriel de-
composition processes that yield several products and to explain
the role of water vapor in influencing the reaction path. Accord-
ingly, the sodium monohydrogen orthophosphate thermal decomposition
was studied further vith a view to elucidating the mechanism of
the —ecaction and exnlaining the fact that as a saznvle was gradually
heated the reaction sel in at some temperature below 300°, proceed-

ed at a modersate rate, and then abruptly increased in rate when the
temperature reached about 315°.

The simplest approach to an explanaticn of this phenomenon was
to say that it merely reflected the temperature dependence of the
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reaction rate and that as long as a samople contained unconverted
sodium monohydrogen orthophosphate a thermal analysis of the sample
would show the same general behavior. Table 16 presents data from
thermal analyses of samples with and without previcus thermal hies-
tory. The area contained between the differential thermal analysis
curve and the path the curve would have followed had no reaction
occurred is a measure of the amount of heat absorbed {in this case)
during reaction and hence a measure of the amount of reaction that
occurred. From the areas pertaining to reaction below and above
the abrupt rate increase the respective percentages of reaction
were calculated. For those cases in which the sample was pertislly
decomposed before thermal analysis, the percentages apply to that
portion of the reaction occurring during thermal analysis only, i.e.
to the reaction of the remaining undecomposed reactant.

Table 16

Effect of Previous Thermal Treatment on Thermal Decomposition
of Sodium Monohydrogen Orthophosphate

Previous treatment % Reaction occurring

Time - Temp. Beloy Above abrupt _increase
None - 4L0% 60%

4 min. 304°C 0 100

22 min. 30%° 0 100

33 min. 307° 0 100

The data made it clear that once the sodium monohydrogen ortho-
phosphate was partially decomposed further decomposition below the
temperature of the abrupt change did nct occur, a2t least not at a
rate sufficient to be detected by our differential thermal analyces.
This suggested that reaction firsi occurred on or near the surface
of particles and that as reaction proceeded in each particle a
product layer built up which acted as a barrier to further reaction,
probably by interfering with the diffusion of water vapor (a re-
action product) from the reaction zone to the surface of the parti-
cle. The effectiveness of this diffusion barricr must, according
to this viewpoint, have diminished at the abrupt breai, perhaps as
thie result of a recrystallization.

Qualitative evidence that the amount of reaction that occurred
below the abrupt break was related to the amount of surface avail-
able or, since the material was a powder, to the particle size is
presented in Table 17. The percentages of reaction thst occurred
below and above the abrupt break were determined in the same way
as for the preceding Table.

An attempt was made to determine whether the reaction was daif-
fusion-controlled at temperatures below the abrupt break. Sodium
monohydrogen orthophosphate particies of between 45 and 50 mesh were
heated in a sirgle layer in an aluminum foil dish. The dish was
placed in a muffle furnace on a one-half inch thick aluminum block
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Table 17

Effect of Particle Size on Ther:mnal Decomposition of Sodium
Monohydrogen Orthophosphate

% of reaction occurring

Sanmple Below Above abrupt rate increase
Unground 8% 92%
Moderately ground in
porcelain mortar 40 6£0
Finely ground in
agate mortar 61 39

(furnace and block already at the temperature to be used) to start
each heating period. Precheated dry air passed through the furnace
continuously. On renoval from the furnace the aluminum dish con-
taining the sample was cooled rapidly by placing it on another
heavy aluminuwm block in a desiccator. The dish was weighed in a
desiccated halarnce case and returned to the furnace. Knowledge of
the sample weight and of the losses experienced in each heating
period permitted calculation of a, the extent of reaction, as a
function of time at the temperaturc used. The data had the general
character of that expected frouwm diffusion-controlled reactions,
i,e., the reaction rate was maximum initi&lly and fell off steadily
as the resction progressed. The data, however, were not susceptible
of convincing treatment by any of the standard mathematical ex-
pressions used to describe the progress of "hermal decompositionsg

of solids, either by diffusion-controlled reaction or by non-
diffusion controlled reaction.

{ficrcscopic observatlion was made of the appearance of sodium
meonohydrogen orthophosphate before and after the material had been
heated for various periods at temperatures below and above the
abrupt breax. The cbservations appear in Tadbles 18 and 19. The
observations were consistent with the suggestion that at the criti-
cal point a recrystallization {or crystallization) became possible
vwhich lessened a diffusion barrier to reaction.

The work described does not furnish a basis {or a detailed
explanation of the behavior of sodiuwn monohydrogen orthophosnhate
on heating in dry or hwaid atmospheres. It is, however, a basis
for designing exneriments to elucidate the reaction mechanism. We
plan further investigations at a later date.

4. The thermal deconposition of sodium dihydrogen orthophosphate.

To evaluate the effect of a humid atmosphere on the thermal
decompocition of sodium dihydrogen orthophosphate thermal analyses
were run on sanples of that compound in dry and humid atmospheres.

The results appear in Table 20. The reactlion becoming rapid at
slightly above 19C° is:
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Table 18

Microscopic Observation of 45-50 Mesh Crystals After Heat-
ing Below the Critical Terperature \>

Cumulative Extent of
time of hezting reaction
0O min. 0.00
30 O«15
50 0.37
120 Q.75
195 0.96
840 1.0
&

N7

The sample was heated at 316°C.

N4

Observation

Transliuceut, irregularly shaped
particles, some aggloweration of
small sarticles adhering to
large particles.

Hc change evident.
¥o change evident,

Crystals appezred slightly less
trzaslucent. Soae of the
adherent small particles had
detached from che large puarticles.

Somewhat lese translucent.

Slightly increased opacity,
although crystals were still
largely trznslucent. No well
defined onague areas.

The extent of reaction was estimated from data for a kinetics
run carried out at 216°C.
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Table 19

Microscopic Observation of 45-50 Mesh Crystals After Heat-
ing Above the Critical Temperature\®”

Cumulative Extent o{p/
time of heating reaction

Qbservation

0 min. 0.00 Translucent irregularly shaped
particles.

1.1 0.07 No change evidoent.

B 2 C.48 Some crystals appeared unaffected.

Others had opajque spots, sone
were covered with opaque layer.

5.0 0.79 Most crystals covered with opaque
layer, althougnh some exhibited

translucent rezions between large
opague snots,

Tl 0.96 Very few transiucent regions.

117 1«06 A1l crystals opague in avnpearance.

The sample was heated in an aluminum foil pan placed in a
furnace at 339°C, the furnace floor being a heavy aluminum
block. 1%t is guestionable, however, whether the samples
actually attained a temperature of 339° because of the short
heating periods and endothermic nature of the process.

Determined by weighing sample after each heating period.



2 NaH,PO, -—> NaH,P,0, + H,O0.
Although the pronounced effect observed with sodium monohydrogen

orthophosphate is not evident here, the data dc indicate a repres-
sion of the initlaticn of the reaction by humid atmospheres.

Table 20

Thermal Analyses of Sodium Dihydrogen Orthophosphate at
Centrolled Humidities, Heating Rate 12°/Min.

Partial pressure H,0, min, 0 22 257 % 737
Reaction detected, °C 1820 186° 183° 185 AGlle
Reaction rapid, °C 191¢° 194° 193¢° 150¢° 194°

5. The thermal decomposlition of potassiuvm dihydrogen orthophosphate.

Thermal anzlyses were run on potassiun dihydrogen orthophos-
phate under several conditions of humidity. 7Tre data obtasined in
these experiments are listed in Table 21. 4 ZQic<tinct effect on the
temperature at which reaction was ravid susugh Lo be detected is
evident. This system differs from the previous ones in that the
"rapid break" is accompanied by liquefaction and its strength may

simply reflect t'.at change in state and not an increase in reaction
rate.

Table 21

Thermal Analyses of Potassium Dihydrogen Orthophosnhate at
Controlled Humidities

Partial pressure, H,0, nmm. 0 670 670 733
Heating rate, °C/min. 2 21 15 2
Reaction detected, °C dgpe 219° 220° 226°
"Reaction rapid" 8, eg 24,60 2510 2500 2510
&/

See text.



IV. Final Project Report
A. Introduction

To vrovide a basis for & better understanding of phosrhate
aggregabion reaections this project undertoolr to augment available
deta concerning the thermal aggregation {thermal decowvosition)
or sodium and potessium hydrogen phosphates with comparable date
for other systens. In connection with these investigations infor-
rnztion wag obteined concerning the phase diagrams for several
nhosphate systems and the thermal stability of soie of the con-
densed phosrhates. A study of the effect of humidity on the thermal
decomposition reactions was comiaenced.

The principal contributions and conclusions of the vwork carried
out on this project sre sumiarized in the sections luunediately
following. Tewmperatures listed in connection with cheuical re-
zctions are ones at which the reactions are known to occur at an
appreciable rate. The reactions vwill generally nproceed very slow-
ly at temperatures distinctly below those listed.

Publications derived fron work carried out under this contract
are now in preparation. Manuscripts of these will be submitted
when ready.

B. Thermal Decosnosition of Dihydrogen Orthophosphates

1. The thermal decomposition secuence for lithium dihydrogzen
crthophosphate was found to be:

()0 [o] (o]
LiH,P0, = 11,8,p,0, £ (1Lip0,)_ B .

It was noted that considerable amounts (a
lithium wmetaphosphate are formed in & sid
step is carried out at temperatures in th

bout 10% of the sample) of
e reaction when the first
e range of 139Y°-230°.

2. The thermal decomposition of cesium dihydrogen ortho-
phosphate was found to be best exvressed by:

CsH,PO, 22275 [Cs,H,P,0,] 22325 (CsPo,), 13525 melt.

The brackets [ ] label the dihydrogen pyrophosphate as an unstable
intermediate; an adiitional intermediate way have been involved.
The cesium metaphosphate exhibited a reversible crystallographic
transition at 480°.
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3. The thermal decomposition of barium dihydrogen ortho-
rhosphate was found to be:

g o]
2 > melt.

2439
Ba(H,P0,), ~*> [BaH.P,0,] 242> Ba,(po,),

4+ The thermal decomposition of lesd dihydrogen ortho-
phosphate wes found to be best described by:

o) aleYz3el X
Ph{H,P0,); 295—-—:»[%}1;?207] 205 o Pb,(P0,), 06T° > melt,

An additional unstaeble intermediate may have been involved.

5. Summary and conclusions. Coibining the above with data
Trom similar earlier studies of the thernal decomposition of sodium

and potassium c¢ihydrogen orthephoesphates produces the Jollowing
sumnary:

Rate avpreciable Ultiinate
Reactant at Product Prqgggﬁj/
LiH,P0O, 1890¢C LiH,P,0, (LiPO;)p
NaH,PO, 200° Na,H,P,0, {(NaP0,J,
¥H,PO, 208° [K.H,P,0,]) {KPO3},
CsH,PO, 2330 [C5,H P04 ] (CsP03 ),
Pb(H,PO,), 2030 (P ,P,0, | Pb,(P0,),
Ra{H,P0,), 24,3° [Bal,P,0, ] Ba,{P05),

a
Short of fusion.

The first observation is that the range of the temperatures listed
is relatively small {compared, for example, to the thermal decom-
position of carbonates: PbCO3 d. 315°, BaCO, > 1000°). Untortu-
nately, of the reactants listed the crystal structure of KH,PO,
alone ic known. The H,P0Q,” anicus of this compound are considered
to be comnletely hydrogen bonded into a three-dimensional network
such that all oxygen atoms and all hydrogen atoms are involved in
hydrogen bonds. Although details of their structures are unknown,
it may be preoumed that conparable hydrogen bonlding occurs in the
olher crystalline reactants. The thernal dchmp031 icens under con-
sideration then may all be viewed as the conversion of one type of
anionic condensation {hydrogen bonding) to another {(oxygen bridging),
the actual details of the reaction and the immediate surroundings
of the reaction site nrobably being cuite similar in the several
reactants. Thus the small range of temperatures is not surnrising.



Table 22

Tnernal Decomposition of Cesium Hydrogen Phosphates

CsH,PO, Cs,H,P,0,
Hours at % of total P as: % of total P as:
250°C PO, P0g™% (P05 ) P.0,-* {P0,7)
O 100 0 0 100 0
a 52 46 2 8/ 16
4 2 60 11 70 30
6 19 L 38 52 42
8 14 23 64 4R =
10 10 14 7 22 68
12 6 9 85 23 75
}"4’ i = e 15 811,
16 = = -
18 1 1 <
N/

Crystelline, see Section II1I B 2 e for prevaration.

It is interesting that the ultimate crystalline imetaphosphate
product may be the trimetaphosphate, the tetrametaphosphate, or the
long-chain polymetavhosphsate. It seems iikely that at temperatures
suificiently high to provide needed mobility the lattice energies
o' the possible products are important in determining which of the
suverzl possibilities wiil actusiiy form. Thus, naively, the
tetravalent tetrsinietaphosrvrhate anion would appear likely to pack
well with the divalent metal cations.

C. Thermal Decomposition of Monohydrogen Orthophosphates

1. Cesium monohydrcgen orthophcsphate was found to convert to
the pyropnosphate at an zppreciible rate at 339°:

3 Yo \_(I'O
CaHPO, <2s o0, 2Es pert,

2. Combhining the above with sixilar studies of sodium and
S

potsesium monohydrogen orthophosnhate groduces the following sw-
nary:
Raty spbreciable
Rerctant at Product
NaszO" 2[,00 fV34p207
KLHPO, 28° K,P.0,
‘fl;I'IPOj. 3390 CS4P207
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From purely stoichiometric considerations the degree of
hydrogen bonding in these crystalline reactants 1s of necessity
less than in the dihydro:ien orthophosphates, and the hydrogen bond-
ing can be considered to make a simaller contribution to crystal
properties. Here, with a sinsller veriety of catlions a grecter range
of temperatures wos recorded, It wes noted, however, that the
veriztion in reaction Lemnerature with = c¢nange in cetion is in the
saime direction as for the dihydrogeun or-i:cphosphates,

™

D. Pyrovhosphate-letavhosphate Phase Studies

1. Lezad tetraphosphate, incongrusnt melting voint 700°, was
shown te forim in the lead pyrorhosphate-iead letrametaphosphate
phose system,

2. Inocicetione were found of the presence of polyvhosphates
in the barium pyrophosphate-bariun tetrarmetaphosphate and in the
cesium pyrophosrhate-cesinm metachosphate phase systems. In neither
caze could the rnolynhosphate be identified.

3. Other studies have shown only triphosphate to fora in
sodinm pyrophosphate-sodium metaphosphate £15) snd potassium nyro-
vhosphate-potassium metaphosphate {16) sys tens. Unce aga2in lattice
energies ere preobdably most lmrortant in determining thet the charge
type 1l:5 comrounds HasP30;,0 and KsP10,4 form,but the 2:6 comvound
PbyP,0,; forms.

E. Metophosphate Glass Foraation

Data pertinent to glass formation obtained in the course of
this nroject for lithium, ce%iun, lead, anl bariua metaphosphetes
and dats from earlier investigeticns by uvs on codium, notassium,
and silver metarhosrhates er sumaarized in Table Z3, The for-
mation of glasses vhen ]ithium, sodium, siiver, anda lecea meta-
rhosnhate melts are cooied at modcrate ratss is attributed to the
greatar viscosity of tlhese o 1ts ot the temperatures ot wnich
crystallization should occur on cooling {i.e., at the freezing
points of the crystalline ae CaphO)thuet). Considerable mobility in
the melt is required tc vermit the orgesnizstional processes of
erystallization to occur. From the data listed 1t erpears that the
viscosity of metanhosphate melts gencerally becowmes great enough on
cooling below about 700° to seriously interfere with the crystalli-
zation process. O0f course, ther¢ is no reason to belleve that the
viscoasities of 2ll metapnosphate melts have the same temperature
derendence. It is particularly iikely that wmetaphosnhate nelts
containing the smaller, more highly cherged cations will gencrally
be the more viscous at a zivaen tennersture due to the rossibility
of crosslinking of the metarhosphate cnions by those cations.
actual viscosity dats are not available,



40.

Table 23

Metaphosphate Glass Formation

Behavior on cooling melt

HMetaphosthete I /9 o cuenching Slow cooling

{4gP0. )5 #P3°0 Glaszs Glasgs

i\] Fr)3)3 6.':50 G-u"’“ :
BLPO ) 0H6° Giass

szfmo 94 667° Glass

{C=PO )n P b Srypstal . Crystel
\m Osln 805° Cloudy gilass Crystsnl
Ba (PO, ) 4 8750 -~ Ohorstbal

F. Effect of Huuwidity on the Thermnal Decomposition
oi Hydrogen Phosphates

Changing the humi:iity of the atmosphere in which a hydrogen
phesphate thermal JLCO‘FOSlblUn is caryied out has oeen found to:
1) repress the initiation of the decomposition and Z) change th
product of the decomposition. 7This project was particularly in-
terested in studying the second effect bvt found it necessury first
to study effect 1) 2nd to study the details of the thernal decou-
po<1tion mechanism., Hork on this subject was delsyed by the cell
to gervice of the zman first assigned to it nand vwhen the project
terizinated was not guvnncct sufficiently to permit drewing firm

conclusions. The sneculzticas of the terninal report will nct he
reneated here.

G. iHiscelleny

Migsceliaonecovs information incideutal to the invesilgations of
the severcl subjects sppezars in the technical reports accompanying
this summery. In par*lculnr, there are data on the thernel sta-
bility of many of the concdensea phosphates encountered in the course
of the work. Also, some prelinmninery conclucions are drawa on the
mechanism of the hydrogen phusphate thernsl decounprcsitions.,
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X-ray Diffrac

tion Patterns
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nterplanar spreings {(d) are expressed in Angstrom units.

Line strength° &
very weak {(VW); week
snd very, very strong
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1.62 i)
1558 W
L.54 i
1.48 v
1.46 W
1al W
1435 W

C. Ba,{P0,), from
Ba 'HZDO 2 themal
decomnogltion

d Strength
5,16 14
LeRh M
3.76 AAY
3.39 VS
3.18 M
2.00 VS
2.'70 Vv
2.56 A%
2452 %)
2.36 Vi
2.25 VS
2.15 v
2.07 W
2.01 ¥
1.86 V]
1.70 W
1.64 W
1.60 W
3L 59 W
1.52 1



o)

Ba,{P0,),
from Warshauer
method

Strength

T IR N

oo VY N

BRI MW BN D WO N0

N OO 05 O S R D

l—‘l—‘l—‘)—‘l—‘l—‘l\.‘I\JT\JZ\J.‘J?\J!\J?\)?\)\.‘J\»\))L\U|
M OO -

W
1
VW

E. Soluble product
of Ba{P0,),~
Na,50, metathesis

Strength

wo-:R (o]
VO N

SRS
[@N SN

03

<
~

200 LYW W A W B
[0 sBN8] v
oON ~

N
Q
-

2.65
2,37
23
1.96

Q

1.7%
1.68

L2

Csii,PO,
Strength

4 .86 W
414 VW
2.68 Ve
342 M
CP i M
3.00 M
2,89 Vi
2.60 M
258 W
MedyR M
2432 S
2.17 W
<.04 W
1.94 M
1.88 1%
1.81 VW
1.74 VW
1.68 VVHd
1.61 W
1.57 Vi
1953 W
15 W
157 \
1.45 1Y)
1.40 vy
135 VW
1.3 Vi
1.27 VW
1s23 Vi



43.

e TeRwEyI) CEUS CFS R SR VR VR SR SRS AVVANERSEE Eo

= e

Cs H.P,0, H. (CsPO;)y, I. Li,P0,
Strength d Strength d Strength

W 3.80 W 3 2 1%
W 3.55 W 2.93 W
3 3.39 8 5,79 LIATES
W 3.27 W .57 Vs
VS T W 230 S
VS 2.66 VW 2.03 VAN
S 2455 M 1.95 g
W Robd VW 1389 UW
M 2.21 W 1.73 i
Vi Pels W 1.59 Vi
2% 2.06 W 1.5% W
A% 1.93 W 1. 58 h
VW 1.88 W 143 1§
vy 177 W I L W
VW 1.69 W 1.33 3
W 1.64 vy 1.2 g

o 57 W 1«54 VW La2k vy

.85 Vi 1.5G \2% 1.1 Vii

<81 VW 1.42 VW 1.16 M

o Pk v 1.30 W LelZ 1%

73 y S W

B9 W 122 W

62 VW

55 W

52 Vv

o s W

A5 W

.40 W

.36 W

e S, W

28 v

2k W



1;4 .

J. Li;H,P,0, K. (LiPO3)n L. Pb{H,PO,),
d Strength d Strength d Strength

7.95 VW 5.47 M 8.80 8
5.96 Y 4 A6 Ve 7.50 5
5.53 W 3.85 Vi 4092 Vi
Lo 87 M 3.52 S 43% Vi
4 .50 2 3.20 Vvs 3.92 M
Y o 34 Vs 2Ll Vi e o, M
3.70 Vs 2.93 Vv 3.58 \
PRV vvs 2.79 %) 3.5 5
e M 2,67 W 3.07 W
3.03 M 2.45 Vi 2.92 S
2u7L M 2.33 W .72 W
2.54 & 2.25 M 2: b6 W
2y o0 Vi 217 M 2.60 %)
2.32 VW 2.07 W 2.49 W
<e3 W 2.01 % 240 W
<.09 W 1592 W 2.26 W
1.96 W L,87 %) 215 W
1.85 % 1.80 vV 1.97 M
1.6 Vi 1.79 vy 1.94 i
i.65 W 1.70 V¥ 1.83 ot
262 W 1.65 Vi .S v
L W 1.56 VVW
A N 1445 W
146 VW 1.42 1
1.38 W 1:36 W

1035 -"I

1.30 W

1.28 W

1.25 %

Lsd9 W



45.

M. PDH,P,0, N. PbyP,0, 0. Pb;P,0,;
(presumed)
_d Strength d Strength d Strength
£.95 W 443 1% 7.50 L'A%
5.40 M 4,03 Vv bei25 Vi
4.87 M 3.70 VW 5.75 Vi
4,00 M EIR M 4. 96 W
2,067 S 322 M 4 .60 M
9 e50 Y 3.14 3 2,20 Vi
G 5R W 3.07 M 3.68 M
3206 Vi 2,92 VW 350 8
2506 8 2,68 A% 3.30 i
2,91 M 2.45 1% 3.20 V3
2T 3] 234 Vv 3.023 1
247 1% 2.30 Vi =97 M
2. 57 Vi 2.20 M 2.72 M
et W 2.12 W 2.49 W
7.2 W 2.03 W 2.34 W
.20 M 1.93 W 2.27 "
ERE Y { 1.90 W 2.17 W
209 VW 1.81 LA 2.13 M
7.0z W 1.75 % 203 |
.94 S 1.63 W 1.98 W
120 W 1.93 A
184 M 1.86 W
1.76 W 1.33 13
Ji G W 1.78 W
1+73 H
1.67 W
1.54 v

1.48 17



Bs Pb?(P03)4 from
Pb{H,PD, ), thermal

decomposition

_4_ Strength
7.20 M
5.83 8
FAREYA M
2.59 T3
3.25 W
3.14 Yi
<.h6 M
2.56 VW
2.44’.", M
2.3% W
2slb W
2.09 W
2.02 3
1.39 VW
1.82 Vi
L.7 %
1.67 vy
1.63 W
1.58 W
1 53 VW
1.48 Vi
1.46 W

Q. Pb,{P0,), from

WYarschauer

nethod
_d_ Etrength
7.20 M
5.33 S
4.36 M
3.90 Vs
3.25 Y
Sy W
2.97 W
w67 M
2.56 VW
2 4t M
2.40 W
del? W
2.09 W
2.02 VS
1.89 Vil
1.85 A%
1.77 W
1.67 VW
1.63 W
1.58 W
1.53 \'A%)
1.48 VW

R. Soluble
procuct of
PbgPO3)2—
Na,o
metethesic

d Strength

5.68 5

4.8(‘1 M

b3t W

.80 M

350 M

3.35 s

3.07 M

2.96 W

2.91 VS

2.72 M

2.30 W
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