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An Ion-exchange Purification of Sodium Tetrametaphosphatela 
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A method of preparing pure sodium tetrametaphosphate involving anion exchange on Dowex I and elution with various 
cations is reported. Proof of purity consists of analytical data, titration curves, solubility data, X-ray diffraction and en­
zymatic analysis 

Introduction 
The polymetaphosphoric acids, (HPO3)n, and 

their salts have been the object of numerous studies 
in the past but as yet few quantitative experiments 
have been performed on well characterized prepa­
rations.2-4 This is partially because much of the 
work has been oriented toward industrial applica­
tion of the compounds as sequestering agents, for 
which purpose the poorly characterized high molec­
ular weight metaphosphates are most effective. 
In addition, the methods of preparation are such 
that impurities are almost certainly present. With 
few exceptions, the methods of preparation are so 
similar that the product is contaminated not only 
with other metaphosphates, but also with ortho-, 
pyro- and polyphosphates. Purification is compli­
cated by the fact that the main product has chemi­
cal properties which are very similar to those of the 
impurities. 

The structures of the tri- and tetrametaphos-
phates have been determined by X-ray studies6-7 

which establish the following structures for the ions 
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The colligative properties of solutions of metaphos­
phates have also been used to determine the degree 
of polymerization, but the high charge on the ions 
makes work of this sort ambiguous and has resulted 
in different workers obtaining contradictory data. 

The present experiments were undertaken to ob­
tain pure metaphosphates in order to clarify con­
flicting statements concerning the chemical prop­
erties of the compounds. In view of the similarity 
of the metaphosphates, ion-exchange methods were 
chosen to effect a separation. Rieman and co­
workers8 have studied an ion-exchange separation 
of condensed phosphates. However, no attempt 
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was made to isolate the product or to prove the 
purity of the material. 

Materials and Methods 
Ion-exchange Resins.—Dowex 1, a product of the Dow-

Chemical Company, and Amberlites IRA 410, IR 4B and 
IR 120 made by Rohm and Haas, were employed in the 
following experiments. The nitrate form of the resins was 
prepared by eluting with 3 / nitric acid,9 saturated sodium 
nitrate, and finally with water. The chloride form was 
prepared by first converting the resin to the nitrate form 
and then eluting with 3 / hydrochloric acid, 5 / sodium chlo­
ride and then with water. The hydroxide form of IRA 410 
was prepared by washing with carbonate free 2 . 5 / NaOH. 
The acid form of IR 120 was made by washing with 6 / H C l . 

Metaphosphates.—Sodium tetrametaphosphate was pre­
pared by first making the copper salt and then metathesizing 
with sodium sulfide.10 To make the copper tetrametaphos­
phate, 19.89 g. of finely powdered CuO, added in small 
amounts, was first mixed with 3.5.5 ml. of 8 5 % orthophos-
phoric acid in a platinum dish. The mixture was stirred 
with an electric stirrer until the CuO was completely dis­
solved and the mixture had changed to a light blue, viscous 
paste. The complete operation required about three hours. 
One-half ml. of carrier free H3P32O4 obtained from Oak 
Ridge, containing about 3 millicuries of radio phosphorus 
and 0.077 / in HCl, was added to the starting mixture. 
Ten drops of concentrated nitric acid were used to hasten 
solution of the cupric oxide. After the formation of the 
characteristic light blue color, the material was heated a t 
100° for two hours and then at 450 ± 15° for 24 hours, at 
which time the product was light green in color. After 
washing the green sample with water several times, the 
copper tetrametaphosphate was converted to the sodium 
salt by slowly adding 5 g. of the powdered copper salt to 5.4 
g. of Na2S'9H2O dissolved in 43 ml. of water. After filter­
ing off the copper sulfide, the sodium tetrametaphosphate 
was precipitated by slowly adding an equal volume of abso­
lute ethyl alcohol with constant stirring. Material pre­
pared in this fashion was used for the impure tetrameta­
phosphate in the subsequent work. 

Sodium trimetaphosphate was prepared by heating a mix­
ture of 60 g. of Na2HP04-12H20 and 17 g. of NH1NO3 at 300 
± 15° for six hours.11 Na2HP32O4 was prepared by adding 
Vs ml. of the H3P32O4 from Oak Ridge to a solution con­
taining 5 g. of Na2HPO4 '12H2O and neutralizing the solu­
tion to the phenolphthalein end-point with sodium hy­
droxide. The solution was then evaporated slowly under 
an infrared lamp. A small portion of this material was in­
cluded in the 60 g. of disodium hydrogen phosphate. 
Material prepared in this manner was used for impure so­
dium trimetaphosphate in the subsequent work. 

Tetramethylammonium Hydroxide.—The quaternary am­
monium hydroxide was prepared from Matheson, Coleman 
and Bell tetramethylammonium bromide by shaking a solu­
tion of the reagent with carbonate-free silver oxide. 

Counting Equipment.—A continuous automatic record­
ing of the radioactivity was obtained by passing the effluent 
solution through an annular Geiger-Muller tube connected 
to a Nuclear Instrument model 165 scaling unit which in 
turn transmitted impulses to a Nuclear Instrument count rate 
meter model 1014. The count rate meter was connected to 
an Esterline-Angus recorder which continuously recorded the 
counting rate. In order to accentuate small peaks of activity, 
the data were recalculated in terms of minutes per count. 

(9) Concentrations will be expressed in volume formality, / , the 
number of formula weights per liter of solution. 

(10) F. Warschauer, Z. anorg. Chem., 36, 137 (1903). 
(11) G. von Knorre, ibid., 24, 309 (1900). 
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Experimental Results 
Purification.—Preliminary results indicated that 

the tri- and tetra-metaphosphates were adsorbed 
on both the chloride and nitrate forms of each of the 
three anion-exchange resins used. However, activ­
ity measurement with a survey meter indicated 
that the band with Dowex 1 was narrower. This 
was probably due to the fact that Dowex 1 of 100-
200 mesh was used while the other resins were 20-
()0 mesh. Dowex 1 was therefore used in subse­
quent experiments. It was also determined that 
the column did not "bleed" or exchange appreciably 
with the carbon dioxide present in the distilled 
water upon prolonged washing. 

Since metaphosphates are known to form com­
plexes with various cations, the method of approach 
was to adsorb the metaphosphates on the column 
and then make use of differences in dissociation 
constants of complexes to remove the metaphos­
phates and to separate them. Investigation of the 
literature on the instability constants of metaphos-
phate complexes12 indicated that the cation with the 
greatest difference in complex constants for tri-
and tetrametaphosphates, consistent with ease of 
separation of the cation from a phosphate-contain­
ing eluate was nickelous ion. A series of experi­
ments with nickel nitrate as elutriant was performed 
using 5 mg. each of sodium tri- and tetrametaphos­
phate on a nitrate column 200 mm. long and 10 mm. 
in diameter with a flow rate of 1 ml./cm.2/min. A 
separation of the two metaphosphates was ob­
tained using 0.085 / Ni(N03)2. After the second 
peak was through the column 3 / HNO3 was added 
and a third peak was obtained, indicating that the 
original samples contained impurities which were 
not removed from the column with nickel ion. 

The samples obtained by the nickel nitrate 
treatment, however, were impure as was evidenced 
by the fact that a precipitate formed in the solu­
tion from the leading edge of the first peak. The 
elimination of this impurity was accomplished by 
eluting with magnesium nitrate, which removed 

I 2 

in 
U I 
._! 1. .... 

3 

n 

J 

i 
I ,„ I I I • I 

20 4 0 60 80 100 

O) 
>-
*£ 
3 
O 
O 

si-
CC 

\ 
<n 
Q 

O 
O 
UJ 
OO 

?0 

60 

MLS. ELUATE. 
Fig. 1.—Elution curve for mixed sodium tri- and tetra-

metaphosphate; elutriauts: 1, 0.025/Mg(XO,)»; 2,0.085/ ' 
Xi(XO3),; 3, 3 / H X O 3 . 

112) H. W. Jones , C. B. M o n k and C. W. Dav ie s , J. Chem. Snr.,2r,m 
(1949!; II . W. Jones and C. R. M o n k , ibid., 347.r, (19.W). 

the interfering substance but was not effective in 
separating the tri- and tetrametaphosphates. Fig­
ure 1 shows the results of a separation performed 
by a combination of magnesium nitrate and nickel 
nitrate elutions. The second nickel peak was 
shown to be trimetaphosphate by doing an elution 
identical to that just mentioned with the exception 
that the specific activity of the trimetaphosphate 
was increased. 

In order to obtain larger samples of material the 
size of the resin column was increased so that sev­
eral grams of material could be employed. The sep­
aration was still satisfactory. Experiments with 
tri- and tetrametaphosphate alone indicated that 
both preparations contained several impurities 
which were separated from the bulk of the sample. 
From the activity of the various impurities it ap­
pears that the tri- and tetrametaphosphates each 
contained approximately 15% impurity. 

Several methods of separating the metaphos­
phates from the nickel eluate were tried. Precipi­
tation of the nickel with hydrogen sulfide or with 
sodium hydroxide failed because essentially all of 
the metaphosphate coprecipitated with the nickel. 
The method finally adopted was to precipitate the 
metaphosphates with lead and then metathesize 
with a sodium sulfide solution. The lead metaphos­
phates were obtained by adding an equal volume of 
1 / lead nitrate to the nickel eluate containing the 
desired metaphosphate. Precipitation was very 
slow requiring 12 hours for completion. For the 
metathesis with sodium sulfide, 20 g. of the finely 
powdered lead salt was suspended in 80 ml. of wa­
ter and a solution of 15.5 g. of Na2S^QH2O dissolved 
in 50 ml. of water added dropwise until the solution 
remained slightly basic. After filtering the mix­
ture, the sodium salt was precipitated by adding 
an equal volume of absolute alcohol. The sodium 
salt was reprecipitated several times by dissolving 
the sample in a minimal quantity of water and 
precipitating with an equal volume of absolute 
alcohol. 

The time required for column treatment and 
precipitation of the metaphosphates would be ex­
pected to result in some hydrolysis of the salts. 
Titration curves for the neutralization of the tetra-
metaphosphoric acid with tetramethylammonium 
hydroxide indicated that a small amount of weak 
acid was present in the preparation. A Beckman 
Model G pH meter was used for the measurements. 
The tetrametaphosphoric acid was prepared by 
passing a solution of the sodium salt through the 
acid form of Amberlite IR 120. The small amount 
of weak acid impurity was removed from the tetra­
metaphosphate by precipitation with silver ion. 
The sodium tetrametaphosphate was dissolved in a 
minimal amount of water and enough 1 / AgNO3 
was added to give one gram atom of silver ion for 
each 10 gram atoms of phosphorus in the sample. 
The mixture was filtered and the silver ion remain­
ing in solution precipitated by adding an amount of 
1 / Na2S equivalent to the total amount of silver ion 
added. The sodium tetrametaphosphate was pre­
cipitated after filtration by adding an equal vol­
ume of absolute alcohol. The salt was reprecipi­
tated with alcohol once. The titration curves for 
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the partially purified and silver-treated tetrameta-
phosphates are given in Figs. 2 and 3. 

x 

MILLIEQUIVALENTS ( C H J ) 4 N O H . 

Fig. 2.—Titration curve for partially purified sodium tetra-
metaphosphate. 
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MILLIEQUIVALENTS (CH j ) 4 NOH. 
Fig. 3.—Titration curve for purified sodium tetrametaphos-

phate. 

Proof of Purity.—Considerable difficulty is en­
countered in proving the purity of a compound in 
which the chemical behavior of possible impurities is 
closely related to the desired product. Therefore 

it is necessary to test the material by as many in­
dependent methods as possible. In the present case, 
the titration curves for the tetrametaphosphoric acid 
as indicated in Fig. 3 suggest the absence of ortho-, 
pyro- or polyphosphates in the product. 

The sodium salt was analyzed for water, phos­
phorus and sodium. The water content was de­
termined by the loss of weight after heating to con­
stant weight at 1000°. The phosphorus content 
was determined after conversion to orthophosphate 
by boiling in 6 / HCl for 4 hours. The magne­
sium ammonium phosphate procedure was used 
with one reprecipitation.13 Analyses for sodium 
were carried out by passing a solution of the so­
dium salt through the hydroxide form of an Amber-
lite IRA-410 column and titrating the eluate with 
standard HCl to the methyl orange end-point. 
The results of these analyses agreed to within 
0.1% with the theoretical values for Na4P4Oi2-
4H2O. These analyses, however, do not prove 
the purity of the sample because no distinction 
can be made between polymers and because any 
phosphate with a sodium to phosphorus ratio of 1:1 
would give comparable data. Indeed, analyses on 
the partially purified samples which gave titration 
curves similar to those in Fig. 2 agreed with the 
theoretical values as well as the more highly puri­
fied product. 

The method of constancy of solubility14 has been 
most valuable in the much more complex field of 
protein chemistry and is capable of detecting the 
presence of impurities closely related to the bulk of 
the product. This method was therefore employed 
in the present investigation. The apparatus de­
scribed by Reilly and Rae14b was used. The solvent 
was a 30 volume % ethanol-water solution. The 
amount of sodium tetrametaphosphate which dis­
solved was determined by counting the disintegra­
tion of the radiophosphorus in the filtered solution 
with a Geiger-Miiller dipping solution counter. The 
results are shown in Fig. 4 and indicate that the sam­
ple is pure to within the 1.5% experimental error. 
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Fig. 4.-

100 150 200 250 
Na4P1Oi2 added, mg. 

-Solubility curve for purified sodium tetrametaphos­
phate. 

(13) W. F. Hillebrand and G. E. F. Lundell, "Applied Inorganic 
Analysis," John Wiley and Sons, Inc., New York, N. Y., 1929, pp. 546-
547. 

(14) (a) R. M. Herriot, Chem. Revs., SO, 113 (1942); (b) J. Reilly 
and W. N. Rae, "Physico-Chemical Methods," Vol. I, Methuen and 
Co., Ltd., London, 1954, pp. 378-383. 
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X-Ray diffraction was used to determine the unit 
cell dimensions of sodium tetrametaphosphate. 
Single crystal precession pictures taken with Cu K a 
radiation yielded the following monoclinic cell 
dimensions: a = 9.65 ± 0.04 A., * = 12.32 ± 0.04 
A., c = 6.17 ± 0.04 A„ /3 = 92°30' ± 10'. The 
systematic absences are hOl with h odd and QkQ with 
k odd; they determine uniquely the space group 
P2l/a- The density is 2.18 ± 0.01 g./cm.3 found by 
the pycnometric method using toluene. Assuming 
the unit cell contains 2(Na4P4Oi2^H2O), the calcu­
lated density is 2.173 ± 0.006 g./cm.3 . These 
data are in agreement with those of Andress, et al.15 

Since the unit cell contains 8 PO3 groups, the 
t r imetaphosphate is ruled out. Dimetaphosphate 
is impossible because of the predicted low stability 
of such a compound. X-Ray powder pictures of 
Na2HPO4 .12H2O, NaH2PO4 , Na3PO4 and Na4P2O7 

were compared with powder pictures of the Na4P4-
Oi2-4H20. There was no indication of any of these 
compounds as impurities in the sodium tetrameta­
phosphate. 

As a final test for the absence of pyro- and tri-
polyphosphate an enzymatic method was em­
ployed. Ra t kidney contains an enzyme or en­
zymes which hydrolyze lower polyphosphates to 
orthophosphate a t pH 8 and 36°. Sodium tetra­
metaphosphate was incubated for 2 hours with ra t 

(15) K. R. Andress, W. Gehring and K. Fischer, Z. anorg. Chem., 
260, 331 (1949). 

Hydroquinone is often used as the reducing agent 
in the colorimetric determination of iron with 1,10-
phenanthroline and in some procedures is added 
simultaneously or immediately preceding the addi­
tion of 1,10-phenanthroline to a ferric solution. 
This kinetic s tudy was undertaken for the purpose 
of determining the effect, if any, tha t the presence 
of 1,10-phenanthroline might have on the rate of 
reduction of ferric ion by hydroquinone. 

When the ferrous or ferric 1,10-phenanthroline 
complex is used as an indicator, no loss of 1,10-
phenanthroline occurs from the complex. In the 
oxidation or reduction of the indicator, the elec­
trons apparently are transferred in and out of the 
complex molecule to the oxidant or reductant 
through a 1,10-phenanthroline bridge. With a sub­
stance like hydroquinone, another possible mecha­
nism involves displacement by a hydroquinone mole­
cule of a 1,10-phenanthroline molecule as 

(1) Work was performed in part in the Ames Laboratory of the 
Atomic Energy Commission. 

kidney extract prepared from freshly killed Wistar 
rats. The orthophosphate liberated was deter­
mined by the molybdenum blue method of Lowry 
and Lopez.16 Less than 0.2% of the phosphorus 
was hydrolyzed to orthophosphate. Tha t the meta -
phosphate was not acting as an inhibitor to the 
enzymatic reaction was shown by determining the 
extent of hydrolysis of added pyrophosphate in the 
presence of metaphosphate. 

The titration curves and enzymatic analysis es­
tablish the absence of hydrolysis products or poly­
phosphates in the sample. The fact tha t the ion-
exchange column effects a complete separation of the 
tri- and tetrametaphosphates proves the absence of 
t r imetaphosphate in the final product and strongly 
indicates that other metaphosphates would be ab­
sent. The solubility indicates t ha t indeed only one 
material is present and the X-ray work establishes 
the product as sodium te t rametaphosphate . 
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FePh,+_V + Ph - ^ FePh + + + (D 

FePh + + - + QH,. -7-*- (Fe„_iQH,)" + + + Ph (2) 

and the hydroquinone complex may subsequently 
react to give the desired products. Equation 2 is 
written as an equilibrium displacement reaction 
because this provides a very plausible reason for the 
inverse order in 1,10-phenanthroline, and it fits in 
with the theory, substantiated in other reactions2 

in which such complexes are intermediates; the 
concentrations are, however, too low for the com­
plex containing hydroquinone to be kinetically de­
tectable. The integer, n, is probably two or three.3 

The kinetics for this mechanism would be expressed 
by the equation 

-d[Al _ PIiWSr2[QH2]-! 

~~AT ~ \y+Wh\\|A| (3) 

(2) F. R. Duke and R. F. Bremer, T H I S JOURNAL, 73, 5179 (1951) 
and the references in footnote 2, this reference. 
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The reduction of ferric ion by hydroquinone in the presence of 1,10-phenanthroline is found to proceed by direct complet­
ing of the hydroquinone by the ferric ion in competition with the 1,10-phenanthroline. This mechanism is in contrast to 
that generally believed to be operative when the iron-l,10-phenanthroline complex acts as indicator, there being no displace­
ment of 1,10-phenanthroline in the latter process. 


