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SUMMARY

The hydrolysis of cyclic trimetaphosphate in acidic aqueous solution ((H*] =
0.1) was investigated by liquid chromatography. The phosphate in the effluent from
an anion-exchange column was detected automatically with the use of Mo(V)-
Mo(VI) reagent.

From the rate constants at 10, 20, 30, 40 and 50°C, the Arrhenius activation
energy in 0.1 M hydrochloric acid solution for scission of a P-O-P linkage was
estimated as 21.3 kcal/mole.

INTRODUCTION

The chemical properties of condensed phosphates have been extensively in-
vestigated. Hydrolytic reactions of linear-chain phosphates of relatively short chain
length have been also reported!. However, data on the hydrolysis of cyclic condensed
phosphates are scarce. The most common members of cyclic cond:2nsed phosphates
of the general formula M, (PO,), are tri- and tetrametaphosphates. which have six-
and eight-membered rings. respectively.

Several investigators have reported on the hydrolysis reactions of these two
cyclic phosphates®3. They used the precipitation method or paper chromatography
for the separation of the parent compound and the hydrolysis products. However, it
is difficult to obtain reliable data on the hydrolysis kinetics by the use of these tech-
niques.

We have previously reported on the hydrolysis of cyclic octametaphosphate®,
with a 16-membered ring, in acidic media by using combined ion-exchange and gel
chromatographic columns. In the study, the effluent from the combined columns was
fractionated by a fraction collector and phosphate species in the effluent were ana-
lysed spectrophotometrically. The use of column chromatography improved the reli-
ability of the kinetic data compared with the use of paper chromatography.

Nevertheless, the use of a fraction collector is time consuming. We therefore
devised a method for the automatic determination of phosphorus concentrations in
column effluents. This technique has been already reported by Hirai et «l.5, who
employed the automatic spectrophotometric determination of phosphate species by
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forming heteropoly blue complexes of the phosphates through a flow cell. We modi-
fied their method.

In this study, trimetaphosphate was separated from the hydrolysis products by
the use of an anion-exchange column. From the chromatograms obtained automati-
cally. hydrolysis kinetics in 0.1 M hydrochloric acid at various temperatures were
investigated. In this paper. cyclic phosphates and linear phosphates are abbreviated
as P,, and P,; respectively, where #n is the degree of polymerization and m denotes
metaphosphate of cyclic structure.

EXPERIMENTAL

Materials

All the chemicals used were commercially available analytical-reagent grade
materials and were used without further purification.

Sodium trimetaphosphate was prepared by the usual method®.

Hitachi Custom Ion-Exchange Resin 2630 anion exchanger was purchased
from Nisset Sangyo (Japan).

Apparatus

The chromatographic system is shown schematically in Fig. 1. Pump A and the
column were part of a Hitachi Model 635 liquid chromatograph. The spectrophotom-
eter was a Hitachi Model 100-50 with a flow cell unit. The length of the light path and
the volume of the flow cell were 8 mm and 8 ul. respectively.
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Fig. 1. Flow diagram of chromatograph and detection system.

Sepuration

The dimensions of the glass column used for packing the ion-exchange resin
were 160 x 8 mm 1.D. The eluent was 0.5 M potassium chloride solution with 0.1 %
of EDTA (disodium salt) as a masking reagent, with a flow-rate of 1 mi/min. A I-ml
volume of sample solution was injected into the column through a sample loop.

Derection

The Mo(V)-Mo(VI) reagent was prepared by the method of Hosokawa and
Oshima’. This reagent was diluted 4-fold with water and passed at a flow-rate of
0.2 ml/min to the stream of column effluent, which had a flow-rate of 1 ml/min. The
mixad solution was heated at 130°C in an oil-bath by passage through 10 mof 1.5 x
0.5 mm I.D. PTFE tubing.

The heteropoly blue complex thus formed was detected at 830 nm in the flow
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cell. A back-pressure PTFE coil (10 m x 2 mm O.D. x 0.3 mm 1.D.) was connected
to the end coil of flow cell outlet so as to prevent the formation of air bubbles on
heating. The readings on the pressure gauge in the flow system were usually 6-7
kg/cm?.

Hydrolysis

The initial concentration of the trimetaphosphate solution to be hydrolysed
was varied from 0.05 to 6.25-10™* M. Hydrochloric acid was added at a concentra-
tion of 0.1 M to each solution and the hydrolysis reaction was performed in a water-
bath the temperature of which was maintained within + 0.1°C. At measured time
intervals, samples of a few millilitres were withdrawn and neutralized with the same
volume of 0.1 M sodium hydroxide solution at nearly 0°C. The sample solutions were
stored in a refrigerator until taken for analysis.

RESULTS AND DISCUSSION

When trimetaphosphate is hydrolysed as showin in eqn. 1, first linear triphos-
phate is formed.
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This triphosphate is also degraded to di- and monophosphate. To determine
the hydrolysis rate of trimetaphosphate, this parent compound should be separated
from the hydrolysis products. This separation was achieved by the use of a Hitachi
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Fig. 2. Calibration graph for trimetaphosphate elution.
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Fig. 3. Chromatograms of hydrolysis samples of tnmetaphosphate in 0.1 3 HC] at 50°C.

Custom Ion-Exchange Resin 2630 column with 0.5 M potassium chloride solution
containing 0.1 %, of EDTA (disodium salt) as the eluent. A good elution pattern of
trimetaphosphate was obtained under the conditions described.

On eluting known amounts of trimetaphosphate, a graph of the area of the
chromatograms obtained versus the phosphate concentration gave a straight line
passing through the origin. The result is shown in Fig. 2.
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Fig. 4. Hydrolysis rates for various concentrations of trimetaphosphate in 0.1 M HCIl at 50°C. 8. 0.05 M:
VW,001 M: A.250-1073 M; O, 1.25-1073 M; @, 6.25-107* M.

As an example, chromatograms of hydrolysis samples in 0.1 M hydrochloric
acid at 50°C are shown in Fig. 3. From the areas of these chromatograms of trimeta-

phosphate, the hydrolysis rate could be calculated.

The concentration of trimetaphosphate at times 0 and ¢ were denoted by [P],
and [P],, respectively, and log ([P],/[P],) is plotted versus time in Fig. 4 for various
initial concentrations of trimetaphosphate. As the plots are linear, the hydrolysis
reaction of trimetaphosphate is first order and the slope of the straight line is the rate
constant of the reaction. As shown in Fig. 4, a constant value was obtained when the
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Fig. 5. Hydrolysis rates of trimetaphosphate (1.25- 10~ M) in 0.1 M HCI at various temperatures.
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Fig. 6. Arrhenius plot for trimetaphosphate hydrolysis in 0.1 Af HCL.

initial concentration of trimetaphosphate to be hydrolysed was lower than 2.5-1073
. When initial concentration was higher than this. an increase in the pH of the test
solution was observed. For example, after the hydrolysis reaction was almost com-
pleted. the pH of the test solution at an initial concentration of 0.05 M changed from
1.0 Lo 1.6. If the hydrolysis reaction of trimetaphosphate, P;O3 ™. proceeds as in eqn.
I and only linear triphosphate. H,P;O3; . is formed. the pH of the sample solution
should be constant. However. as the pK; of H;P,0,, acid is 2.30, H;P;0%; might be
formed appreciably in 0.1 4/ hydrochloric acid solution. This effect results in a de-
crease in hydrogen ion concentration, i.e.. an increase in the pH of the test solution.
When the initial concentration of trimetaphosphate is very low compared with the
hydrogen ion concentration (0.1 Af). the amount of hydrogen ion consumed by the
hydrolysis products can be neglected. A ““true’ rate constant could then be obtained
as the pH of the test solution was kept constant. Log ({P],/{P]y) versus ¢z plots at an
initial concentration of 1.25- 1077 M and at various temperatures is shown in Fig. 5.
Good straight lines were obtained at the temperatures studied. Thus. the trimeta-
phosphate hydrolysis rate, —d[P}/d¢. can be represented by

d{P]
Cdr

The first-order rate constants in eqn. 2 and the half-lives of trimetaphosphate
at various temperatures are shown in Table I. From these data, linear Arrhenius plots
as shown in Fig. 6 were obtained. The activation energy was 21.3 kcal/mole, which
energy is nearly equivalent to that obtained for other condensed phosphates in acidic
media.

The data on the trimetaphosphate hydrolysis rate under the conditions given in
this paper have not previously beer published. Nevertheless, the half-life of trimeta-
phosphate at 50°C and pH 1.0 was assumed to be 0.87 h by extrapolation of the data in

= k[H™][P] 2
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TABLE 1

KINETIC DATA FOR TRIMETAPHOSPHATE HYDROLYSIS IN 0.1 M HYDROCHLORIC ACID
SOLUTION

Parameger* 10°C 20°C 30°C 40°C 50°C
k™1 0.105 0336 1.22 3.69 10.3
ty,2(h) 65.0 20.6 5.67 1.88 0.67

* E, = 21.3 kcal/mole.

Fig. 10 on p.169 of ref. 1. This value is slightly higher than our reliable value of 0.67 h.
Trimetaphosphate is the smallest six-membered ring in the cyclic phosphate
series and is very readily hydrolysed in both acidic and basic media. This instability
might be due to the strain 1n the six-membered ring.
We are now investigating the hydrolysis reactions of other cyclic phosphates in
acidic aqueous solution by this automatic liquid chromatographic system.
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