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Oxidation of Phosphorus with Water at High Temperature and Pressure in the
Presence of Alkali. The Production of Phosphorous Acid

By V. N. IPATIEFF AND P. V. USaCHEV

In a previous work! it was shown that phos-
phorus with water at high temperature and pres-
sure gives phosphoric acid and hydrogen and si-
multaneously there appear as intermediate prod-
ucts phosphorous acid and phosphine. Both in-
termediate products react with water at high
temperature and pressure to form also hydrogen
and phosphoric acid
P, 4+ (3 + n)H,0 = P:0ynH;O0 + 2PH; Primary reaction

PzO;'nHzo + 2Hzo = PzOs'ﬂHzO + 2Hz Secondary reac-
tion ¢))

2PH; + (5 + #n)H;0 = P:05nHy0 + 8H; Secondary reac-
tion )

In the present work the oxidation of phosphorus
with water under pressure in the presence of so-
dium hydroxide was investigated. As a result,
conditions were worked out whereby it is possible
to obtain only one salt of phosphorous acid.

Dulong, even in 1816, showed that by boiling
phosphorus with an aqueous alkaline solution,
hypophosphorous acid and phosphine are formed.
But the reaction proceeds extremely slowly and
several days are required for the phosphorus to
dissolve entirely. Thomsen improved the method
of obtaining hypophosphorous acid by using for
this purpose barium oxide.?

It seemed of interest to investigate the reaction
of alkali upon phosphorus at higher temperatures
and pressures. The first experiments made by
V. V. Ipatieff and the senior author gave interest-
ing results. The oxidation reaction of phosphorus
under pressure at 100° proceeds also very slowly
and is limited to the formation of salts of hypo-
phosphorous acid. At 200-300° the reaction
proceeds very rapidly, sometimes continuing for
several minutes, whereby as a result phosphorous
acid is obtained; sometimes the oxidation goes
so far as to form phosphoric acid. It was also
observed that the amount of alkali employed has
a great effect upon the yield of phosphorous acid,
and under certain conditions it is possible to ob-
tain only one salt of that acid.

In view of the fact that V. V. Ipatieff was unable
to continue this study, it was carried further by

(1) V. N. Ipatieff and C. Freitag, Z. anorg. allgem. Chem., 318, 388
(1933).
(2) Thomsen, Ber., 7, 934 (1874).

the present authors. It was ascertained that
phosphorous acid in the form of the disodium
salt is obtained in a short time (about one hour)
by heating phosphorus at not higher than 300°
with the quantity of sodium hydroxide (in the
form of a 309, aqueous solution) calculated neces-
sary for the formation of the dimetallic salt. At
a higher temperature and with less concentrated
alkali solution phosphoric acid is obtained be-
cause the reaction is greatly catalyzed by the al-
kali.

Furthermore, it was possible to prove that in
the presence of sodium hydroxide the oxidation
reaction goes through hypophosphorous acid.

Method of Investigation

The experiments were carried out in a silver
tube inclosed within a high-pressure apparatus
as previously described.!

The phosphine was determined either by the
volumetric method, or, in case of a small content,
by the gravimetric method by means of silver
nitrate. The analysis of the acids of phosphorus
was carried out according to the method of Wing-
ler,® except that the oxidation with bromine was
extended by us to several hours instead of ten
minutes as recommended by the author.*

Consideration of the Experiments.—The tests
listed in Table I were made in order to ascertain
the effect of concentration of the alkali.

Comparing the data of experiments 5, 6 and
8, we see that by using the same concentration of
sodium hydroxide at almost the same tempera-
ture and time of heating the amounts of phosphor-
ous acid formed are different. At the reaction
temperature of 225° there was always obtained
approximately the same yield of phosphorous
acid, although the concentration of alkali was
varied from N to 9 N. The significance of the
data obtained in experiments 32, 35 and 36 is

(3) Wingler, Z. anal. Chem., 63, 335 (1925).

(4) It should be pointed out that the success of the analysis of the
acids by this method depends largely on observing correctly the
change in color of the indicators at the beginning and end of neu-
tralization in the titration. It is of some assistance to establish the
method of change previously in corresponding concentrations by
titrating beforehand known solutions of salts of acids of phosphorus.
In doubtful cases, the oxidation with bromine was verified by titra.
tion by means of a manganese salt,
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TaBLE I
EFFECT OF Sop1UM HYDROXIDE CONCENTRATION ON OXIDATION OF PHOSPHORUS
-~ Reactant: Products, % by wt. of original P
NaOH Heat~ phosphorus converted into unreacted,
Caled. Temp., ing, ———Sodium salts of ——— 0 O
Expt. P, g. G. Concn. for salt °C., brs, PH; HsPO: H;sPOs HyPOy  original
6 6.0 7.9 N Mono- 175~298 9.5 0.07 90.1
208°* 1.0°
5 4.32 11.26 N Di- 170-300 8.5 .04 19.92 73.16
295-300° 2.0
8 3.04 11.85 N Tri- 195-296 10 .25 57.5 40.0
206° 1.5°%
32 7.05 8.75 N  Mono- 225 2 8.08 7.0 48.22 32.7°
35 12.63 16.6 4 N Mono- 225 2 13.45 4.4 46.9 36.2
36 12.20 15.15 9N Mono- 230 2 15.56 47.1 38.2
46 12.6 32.15 9.75 N Di- 230 0.5 21.0 76.7
48 12.05 31.1 9.7 N Di- 185 2.25 20.75 75.97
31 3.2 12.4 N Tri- 223 2 10.94 84.4
33 10.45 40.4 4 N Tri- 225 1.5 18.75 78.5

® The second lines show the temperature and time of highest heating.

b A complete balance is not obtained because

part of the phosphorus combines with the copper part of the apparatus.

that by using phosphorus in the proportion to
form the monometallic salt, only 50%, of the phos-
phorus is oxidized at 225°; hypophosphorous
acid is also obtained under these conditions. In
experiments 46, 48, 31 and 33 at 225° the amount
of alkali used was that calculated for formation
of di- and trisodium salts and the phosphorus
was oxidized to phosphorous acid. Analysis
showed that in all cases the dimetallic salt was
obtained.

These experiments explain the effect of sodium
hydroxide on the course of the reaction. When
an insufficient amount of alkali is used, <. e., only
enough for the formation of the mono salt, the
reaction ceases when one-half of the phosphorus
is oxidized and the disodium salt is formed; the
surplus phosphorus remains in the form of the red
modification and does not oxidize at 225°.

Besides the indicated factor, the temperature
has a great effect on the oxidation reaction of
phosphorus. In the presence of a double amount
of alkali the temperature of 230° may be consid-
ered the optimum with regard to the reaction
velocity (see experiment 46); also, under these
conditions the formation of phosphoric acid does
not take place. It should be noted that a more
intensive oxidation is brought about not only by
raising the temperature, but also by the duration
of heating even at the low temperature of 200°.
However, raising the temperature gives a rather
greater yield of phosphoric acid than does in-
creasing the time of heating at a lower tempera-
ture. The formation of phosphoric acid occurs
mainly on account of the oxidation of phosphine

and this oxidation is accomplished very slowly at
230°, but very rapidly at 300°.

The experiments reported in Table II give an
understanding about the nature of a more inten-
sive oxidation of phosphorus occurring at 300°.

TasLE 11

EFFECT OF TEMPERATURE ON THE OXIDATION OF PHOS-
PHORUS BY WATER IN THE PRESENCE OF SODIUM

HyDprOXIDE
Reactants Products, % by wt.
—-NaOH—— of original P

- Caled. Heat-  converted into
& for Temp., ing, Sodium salts of
] Pz G. Comnen. salt °C. hrs, PHs HiPOs H;PO,
21 10.6 27.6 4N Di- 2056-208 24 4.24 79.86 9.18
20 10.64 27.5 4N Di- 199-208 48 0.4 85.05 10.25
19 10.51 26.51 4 N Di- 250-300 81 .§ ... 96.0
24 12.32 32.0 9N Di- 300-311 12 .4 7.5 89.0
27 10.95 42.4 4N Tri- 251-310 18 .1 39.33 56.43

An excess of alkali, as seen from experiments
24 and 27, retards the oxidation of phosphorous
acid (compare also experiments 6, 5 and 8 in Table
I).

Therefore, for a successful oxidation of phos-
phorus to phosphoric acid it is necessary to avoid
an excess of alkali. On the other hand, we have
to consider the fact that an insufficient amount of
alkali affects adversely the quantity of phosphorus
reacted, and for complete oxidation it is necessary
to raise the temperature above 300°. These
propositions were corroborated by additional ex-
periments.

Formation of Hypophosphorous Acid
Experiments 32 and 35 in Table I show that
hypophosphorous acid is obtained along with

phosphorous acid. On the basis of these data it
could be assumed that hypophosphorous acid is
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formed at a temperature not higher than 225° and
in the absence of free alkali. On the basis of
these assumptions additional experiments were
carried out where alkali was used in an amount
calculated for formation of the mono salt.

TasLE II1

Reactants

Products, % by wt. of

—~—NaOH—— original P converted

Caled. Heat- ——into )
for Temp,, ing, ~—Na salts of- unre-
salt °C. hrs. PH: H;PO; HsPOs acted

Mono- 223 2 6.0 9.5 58.9 Present
N/2 Mono- 225 2 5.0 4.0 51.8 Present

P,g. G. Concn.
7.12 9.2 N
4.8 6.2

S & fxpt.

Phosphoric acid was not formed at all and hy-
pophosphorous acid was obtained in a quantity not
exceeding 9 to 109, of the amount of phosphorus
employed. We did not succeed in improving the
yield of hypophosphorous acid in spite of a whole
series of experiments with varying conditions
relative to heating, concentration and quantity
of alkali used in the reaction.

In order to study the effect of alkali concentra-
tion on oxidizability of hypophosphorous acid,
experiments listed in Table IV were carried out.
In all the tests 20 cc. of a hypophosphorous acid
solution (approximately 509, concentration)
containing 4.47 g. of phosphorus was used.

TaBLE IV

EFFECT OF TEMPERATURE ON THE OXIDATION OF Hyro-
PHOSPHOROUS ACID IN THE PRESENCE OF SODIUM
HYDROXIDE

Products, % by wt. of origi~
Heat- nal P in HsPO: obtained as
ing, Sodium salts of
hrs. PHs

NaOH solution

Concn, Temp.,
N °C.

Expt. Cec. H;PO; H;PO; HiPO4
79 25 9.75 170 3.5 99.0 .. ..
80 25 9.75 193-208 1.75 100.0 .. ..
83 25 9.75 258278 1.75 9.0 . 90.5
84 25 9.75 258300 2.0 Trace .. 98.5
81 29 17 160 0.50 99.5 ..
8 50 9.75 170 .18 99.0

Experiments 79 and 80 show that the sodium
salt of hypophosphorous acid is distinguished by
its stability and does not undergo oxidation at
200°; above 250°, its oxidation proceeds very
rapidly and completely to phosphoric acid (ex-
periments 83 and 84). On account of the acid
medium in the final product, there remains some
unchanged hypophosphorous acid and traces of
it may be detected even at 300°.

Quite a different picture is obtained when the
salt of hypophosphorous acid is heated in an alka-
line medium. If to one mole of the acid is added
two moles of alkali, as is seen in experiments 81
and 89, hypophosphorous acid is oxidized com-
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pletely in the course of several minutes, but now
into phosphorous acid. The oxidation proceeds
so rapidly that when the temperature reaches
160° it is possible to observe the movement of
the needle on the manometer on account of the
evolution of hydrogen.

NaH,PO; + (NaOH, H,0) —> Na,HPO; + H.0 + H;

Oxidation of salts of hypophosphorous acid
proceeds without evolution of phosphine.® The
reaction may be explained by the assumption that
under the influence of alkali one atom of hydrogen
becomes, at a certain temperature, capable of be-
ing replaced by a metal and the mono-salt thus
formed is easily oxidized into the more stable di-
metallic salt of phosphorous acid.

These experiments upon oxidation of a salt of
hypophosphorous acid in the presence of alkali
completely explain its absence in the products of
oxidation of phosphorus, when the alkali is used
in an amount necessary for the formation of a
dimetallic salt, since it is oxidized even at a low
temperature to the salt of phosphorous acid.

Summary
1. Oxidation of phosphorus by water vapor

-under pressure in the presence of sodium hydrox-

ide yields various products of oxidation depending
on the amount of alkali used and the temperature.

2. In the presence of sodium hydroxide used
in an amount sufficient for the formation of the
disodium salt of phosphorous acid, only phos-
phorous acid is obtained at a temperature not
higher than 225°. At a temperature higher than
250° phosphoric acid is also obtained.

3. In the presence of sodium hydroxide used in
the proportion required for formation of the mono-
salt there is obtained, at a temperature not higher
than 225° a mixture of hypophosphorous and
phosphorous acids, with the former acid not ex-
ceeding 9 to 109, of the phosphorus used.

4. The oxidation of the sodium salt of hypo-
phosphorous acid may be carried out completely
to phosphorous acid or phosphoric acid (without
evolution of phosphine) depending upon the
amount of sodium hydroxide used and the tem-
perature,
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(5) Passage of large amounts of gas after oxidation reactions
through a solution of silver nitrate did not bring about any change in
the latter, whereas this test is sensitive to even traces of phosphine.



