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TaBLE III
THERMAL DATA AT 298.16°K.

(1) 2A1 4 3S(rh.) + 60; —> AL(SO.);
(2) 2Al 4 3S(rh.) + 6H: + 90, —> AlL(80);-6H.0
(3) K + Al + 28(rh.) + 40, —> KAI(SO,):

(4) K 4 Al+ 2S(rh.) + 12H. + 100, —> KAI(S0.)»12H;0 —1,447,700 = 260

(5) AL(SO4)s + 6H:0(liq.) —> AlL(504)56H,0

(6) KAI(S0s): + 12H.0(liq.) —> KAI(504)2'12H-0

(7)  1/:KsS04 + 1/2AL(SOs); —> KAI(SO4)2

(8) 1/:Ks80: + 1/5AL(S04; + 12H,0(lig.) —>
KAI(S0,)212H50

are computed from the relationship AFjgy =
AHje1s — 298.16 ASjs 16

Summary

Specific heats of anhydrous aluminum sulfate,
aluminum sulfate hexahydrate, anhydrous potas-

sium aluminum sulfate, and potassium aluminum’

sulfate dodecahydrate, were measured in the
temperature range 52 to 298°K. Potassium alu-
minum sulfate dodecahydrate has a transition at
59.7°K., with a heat of transition of 46.9 cal./mole.

The following molal entropies at 298.16°K.
were computed: anhydrous aluminum sulfate,
57.2 = 0.3; aluminum sulfate hexahydrate,
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AHRy1s, ASiw.i, AFjy1s,
cal./mole E. U./mole cal./mole
—820,090 = 430 —273.3 =0.4 —739,500 = 450
—1,268,150 =360 —552.9 =0.8 —1,103,300 = 430
—580,170 = 310 —184.4 = 0.4 —534,190 == 330
—738.0 =2.0 -—1,227,660 = 650
—37,250 =220 — 45.6 = 0.8 —23,650 = 320
—38,720 =210 — 85.6 =2.1 —13,200 = 660
— 7340=230 — 0.7=0.4 — 7,130 = 260
—46,060 =130 — 86.3 =2.1 —20,330 = 640
112,1 = 0.7; anhydrous potassium aluminuni

sulfate, 48.9 = 0.3; and potassium aluminum
sulfate dodecahydrate, 164.3 = 2.0.

Combination of the above entropies with re-
lated thermal data yields the free energies of
formation from the elements at 298.16°K.:
anhydrous aluminum sulfate, — 739,500 = 450;
aluminum sulfate hexahydrate, —1,103,300 =
430; anhydrous potassium: aluminum sulfate,
—534,190 = 330; and potassium aluminum sul-
fate dodecahydrate, — 1,227,660 = 650 cal./mole.
Other pertinent thermal data have been calcu-
lated.
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A Polarographic Study of Barium Ion Removal by Complex Phosphates

By J. A. CAMPBELL? AND CHARLES SCHENKER?

The question of what compounds may be
formed by the dehydration of orthophosphoric
acid has been actively discussed since metaphos-
phoric acid was first prepared by Graham in 1833.4
The existence of many alkali salts of complex
phosphates has been claimed, but, in most cases,
the supporting evidence is inconclusive, and a
survey of the extensive literature seems to lead
only to the conclusion that considerable confu-
sion exists throughout the entire field. A review
of the more important work has been given by
Partridge, Hicks and Smith.®

Modern interest in these phosphates was in-
creased by the happy discovery by Hall® that one
of them, the so-called sodium hexametaphosphate,
has the property of binding up alkaline earth ions
in such a way as to render them inert to their usual
precipitating agents.

Complex salts of pentavalent phosphorus may
be divided into two classes: the polymers of
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metaphosphates and the polyphosphates, which
latter may be looked upon as salts formed from
orthophosphoric acid by a degree of dehydration
intermediate between that which yields metaphos-
phoric acid and that which results in pyrophos-
phoricacid. These substances can also be viewed
as a series of compounds formed by molecular
addition of pyrophosphates to metaphosphates.

It was the purpose of this work to study the
effect of various phosphates on dilute solutions of
barium ion. The substances investigated were
stoichiometrically equivalent to sodium hexa-
metaphosphate, tetrasodium pyrophosphate, so-
dium triphosphate, and sodium tetraphosphate,
each prepared as hereinafter indicated.

Sodium hexametaphosphate (NaPQ;)s is the
glass obtained by quenching a melt of primary
sodium orthophosphate which has been heated
above 650° for several hours.

The theory advanced for the binding up of the
metallic ion is that the hexametaphosphate ionizes
according to the equation

(NaPOs)s = 2Nat + NasPgOys™
The anion can then react with the metallic ion
2Bat* 4+ NaPsO;s™ = Ba,P¢O;3~ + 4Nat
The barium is thus sequestered in a complex
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anion.” According to this mechanism, one mole
of hexametaphosphate should remove two mole-
cules of divalent metal. The complex forming
power of the hexametaphosphate is not, however,
limited to the alkaline earths.®

The existence of many so-called polyphosphates
has been claimed. Only two of these, sodium tri-
phosphate, Na;P;04, and sodium tetraphosphate,
NagP,043, are of importance now. A thermal study
of the system sodium metaphosphate-sodium
pyrophosphate made by Parravano and Calcagni®
failed to reveal any intermediate salts. The more
recent work of Partridge, Hicks and Smith?® has
confirmed the existence in the solid state of tri-
phosphate although the sodium tetraphosphate,
supposedly prepared by Fleitmann and Henne-
berg,’® was found to be in reality a mixture of
sodium triphosphate and sodium metaphosphate.

It was thought that a study of the effect of each
of these substances on barium ion might give some
information on whether they exist in dilute, solu-
tions. In the case of all compounds studied, with
the exception of the metaphosphate glass, we
have, following Partridge, Hicks and Smith, con-
fined ourselves to the crystalline substances
formed by slow cooling.

The concentrations of barium ion were deter-
mined in the presence of differing amounts of the
various phosphates by means of the dropping
mercury electrode. Essentially the method was a
modification of the so-called amperometric titra-
tion technique first employed by Heyrovsky and
Berezicky'!! and which has been extensively
studied by Kolthoff and his co-workers.!? This
technique consists in setting the voltage at a point
above the half wave potential of the ion being
precipitated or otherwise being removed and ob-
serving the diffusion current as a function of the
volume of the removing reagent. Since the diffu-
sion current is directly proportional to the concen-
tration, the current decreases as the titration pro-
ceeds and is reduced to zero at the equivalent point.
The phosphate concentration at the equivalent
point could be determined by extrapolating to zero
diffusion current the straight lines of the concn.
phosphate vs. Ba*+ diffusion current graphs.

Preliminary experiments showed it was possible
to observe a barium wave in the presence of
sodium ions. Instead of-actually titrating the
barium ion with the various phosphates, it was our
practice to make up solutions of varying propor-
tions of the two substances and, after degassing
with nitrogen, to measure the diffusion current.
All reported measurements on the barium diffu-
sion current were made at a potential of —2.0 v.
(saturated calomel).
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Experimental Methods

Preparation of Materials.—All of the phosphates studied
were prepared from reagent grade monosodium orthophos-
phate monohydrate and disodium orthophosphate dodeca-
hydrate. Following Partridge, Hicks and Smith,’ sodium
metaphosphate was prepared from the former, while an-
hydrous tetrasodium pyrophosphate was obtained by pre-
liminary heating of the latter salt’over a burner followed
by heating in platinum to a red heat in an electric muffle.

The sodium hexametaphosphate was prepared from
monosodium orthophosphate monohydrate by heating for
three hours in a platinum dish at 750° in an electric
muffle. The melt was then rapidly cooled by pouring it
on a thick slab of steel. The glassy product was placed
immediately in a desiccator.

The sodium triphosphate was prepared by a modifica-
tion of the directions given by Rudy and Schloesser.!”
Sodium metaphosphate and tetrasodium pyrophosphate,
as previously prepared, were mixed in equal molecular
proportions and fused in a platinum dish at 800°. The
mass was then cooled at 800° for two hours, kept at 400°
for one-half hour, raised to 600° for two more hours, and
finally brought to room temperature by cooling at the
rate of 100° an hour.

Sodium tetraphosphate was prepared by mixing the
sodium metaphosphate and tctrasodium pyrophosphate
in the proportion of two moles of the former to one mole of
the latter and following the same procedure of heating and
cooling as for the triphosphate.

The supporting electrolyte, tetramethylammonium
bromide was purified by recrystallization from a mixture
of alcohol and water.

Apparatus and Technique.—The instrument used was a
manually operated Fisher ““Electropode.” Capillaries
were drawn having a drop time between three and five
seconds and an m*/s'/s value of 2.05. Solutions were made
in differing proportions,-using carbon dioxide-free water.
All solutions were prépared immediately before using in
order that no reversion to the orthophosphate could occur.
The temperature at which all readings were taken was 25°.

Sodium Hexametaphosphate.—An attempt
was made to determine whether the polarograph
offers any direct evidence regarding the stepwise
dissociation of sodium hexametaphosphate, pos-
tulated by Smith? and also by Treadwell and
Leutwyler.* Two characteristics of current—
voltage curves for complex ions are the shifting of
the half-wave potential of the metallic ion as well
as a generally observed lowering of the diffusion
current. Thus the presence of a very stable
NaPsO1s~ anion in any large amount should
affect the polarogram. Using sodium chloride
as a reference substance, the polarograms of
equivalent concentrations of the various phos-
phates were observed. No appreciable difference
in diffusion currents was observed. These data
indicate that no very stable complex ions contain-
ing sodiumare present, but they do not com-
pletely rule out the possibility of their existence.

When varying amounts of sodium hexameta-
phosphate were added to a known. quantity of
barium chloride, a flocculent white precipitate
was produced which redissolved in an excess of
sodium hexametaphosphate. The composition of
this precipitate follows from the values of the
diffusion current for barium given in Table II.
Repeated trials gave an average of 2.9 moles of
barnum removed for each mole of sodium hexa-
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TABLE I
DirrusioN CURRENTS OF SODIUM ION IN DIFFERENT
CoMPOUNDS
Molar
concn. Diffusion
milli- Diff. current, current per
Compound moles/liter microamps. millimole Na*
NaCl 6 23.28 3.88"
(NaPO;)s 1 22.12 3.69
NaPQO; 4 15.57 3.89
Na4P207 1 l§57 389
NazP3sOy 1 19.79 3.95
NasPO1s 1 21.83 3.64
metaphosphate. To put this in integers, one mole

of hexametaphosphate combines with three moles
of barium ion to form BazPsO1. It is significant
that when this precipitate is redissolved in excess
hexametaphosphate, the barium is completely re-
moved so far as can be determined by the polaro-
graph. The barium ion when added to an excess
of sodiumm metaphosphate showed no diffusion
current, and the curve for the sodium ion was not
affected by the addition of barium. This sup-
ports the view that the barium is sequestered in a
complex anion. That there are probably two
barium atoms in the complex is shown by the fact
that when barium ion was titrated into hexa-
metaphosphate the precipitate began to form
when two moles of barium were present to one
mole of sodium hexametaphosphate, while when
the reverse order was followed, the precipitate
began to dissolve when the same ratio was
reached.

TABLE I1

EFrEcT OF (NaPOs)s ON BaCl, SOLUTIONS
CoNceN. oF BaCls: 2 X 10~2 MoLar

Conen. (NaPOys)s, Diff. current Ba **, Concn, Ba**,
milli-moles/liter microamp, milli-moles/liter
0.000 12.80 2.00
.202 8.91 1.39
.404 5.38 0.84
.606 1.75 0.27

It is interesting to nate that a solution of the
sodium metaphosphate that was prepared by
slow cooling of a melt of the orthophbsphate had
no effect on the diffusion current of the barium
ion.

Tetrasodium Pyrophosphaté.—In Table III
are shown the results which were obtained with

TaBLE III

ErFecT OF NaP:0;, NagPiOy, aAnp NagP(O1; on BaCl
SOLUTIONS

. Concentration of barium chloride, 2 X 107% mole per
liter; 7 (Ba)*+* = diffusion current of barium ion in micro-
amp.; concentrations in milli-moles per liter.

0(;'?}::;‘8'_ Na.P:0r NasPiOn NasPO1s
phate fd(Ba)>+ Cga++ ia(Ba)t + Cpa++ td(Ba)*+ Cgat+
0.00 12.88 2.00 12.80 2.00 12.80 2.00
.20 10.19 1.60 9.60 1.50 9.75 1.52
.40 7.91 1.21 6.40 1.00 6.69 1.04
.60 5.2¢ 0.822 3.11 0.478 3.49 0.546
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tetrasodium pyrophosphate. Upon adding the
pyrophosphate to the barium ion a white, non-
redissolving precipitate was formed. The polaro-
graph showed that one mole of tetrasodium pyro-
phosphate removed 1.98 moles of barium. That
the precipitate is barium pyrophosphate is, of
course, well known and the result serves as a check
on the other determinations.

Sodium  Triphosphate.—The polarograph
showed that ome mole of sodium triphosphate
removed 2.5 moles of barium ion in the form of a
precipitate. The removal of 2.5 moles of barium
1s in accord with the reaction 2P;04(—5) +
5Ba*tt = Bas(P;Oy)2. Since Parravano and
Calcagni® believed sodium triphosphate -to be
only an equimolecular mixture of sodium meta-
phosphate and tetrasodium pyrophosphate, a mix-
ture of this proportion of our products was tested.
As might be expected, it removed two moles of
barium ion, because only the pyrophosphate in
such a mixture is effective.

Additional evidence for the existence ‘of sodium
triphosphate is furnished by the fact that the
precipitate is soluble in an excess of this substance.
Titrations indicated that one mole of barium was
present in the complex, probably resulting in a
salt, Na;BaP3;Op. The mixture of slowly cooled
sodium metaphosphate and tetrasodium pyro-
phosphate formed no complex with barium.

Sodium Tetraphosphate.—Experiments per-
formed with a slow-cooled melt stoichiometrically
equivalent to sodium tetraphosphate, NagP4Oys,
showed that one mole of this substance removed
2.4 moles of barium ion, If the precipitate which
formed had been Ba3P,Oy3, as would be expected,
one mole of. tetraphosphate would have removed
three moles of barium ion. An equimolecular
mixture of slow-cooled sodium metaphosphate and
sodium triphosphate was found to remove 2.5
moles of barium ion. This was the expected
result, since only the triphosphate is effective.

Summary

1. A study of the effect of various complex
phosphates on the barium ion has been made,
using the polarograph.

2. Sodium hexametaphosphate forms a com-
pound of the composition Basg{(POj)s, which dis-
solves in excess hexametaphosphate, probably
forming Nap(BazP¢Oss).

3. Tetrasodium pyrophosphate precipitates
barium pyrophosphate.

4, Evidence has been found indicating the
existencé in solution of a compound NazPsOy
which will react with barium to form insoluble
Bag(P30n)2 and probably soluble Naz(BaP;Oyp).

In agreement with the work of Partridge,
Hicks and Smith, the slow cooling of a melt cor-
responding to the composition NagP,0y; has been
shown to result in a mixture of sodium triphos-
phate and sodium metaphosphate.
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