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SALT ERROR IN DETERMINATIONS OF
PHOSPHATE IN SEA WATER

By L. H. N. Cooper, D.S¢;; F.L.C.

Assistant Chemist at the Plymouth Laboratory

Investigations extending over several years have shown that the salt error
in colorimetric determinations of phosphate in sea water may be dependent,
not only upon the concentrations of reagents and to some extent on the
temperature, but also on the method of making the comparison. Uncertainty
had become acute since alterations in procedure had been made, which were
found to invalidate comparison between results obtained before and after
1933. Since we possess much the longest series of phosphate records yet
made and these show promise of close correlation with other biological
phenomena, it became essential to ensure that all were on a comparable basis.

TuE CONDITIONS OF FORMATION OF PHOSPHOMOLYBDENUM BLUE

From a detailed study Tischer (1934) concluded that:

(1) To reduce one molecule of phosphomolybdic acid to phosphomolyb-
denum blue four stannous ions are required.

(2) The experimental solution should lie between 0-09 and o-17N H,SO,.
This agrees with Kalle’s finding (1934), since 100 ml. of water treated with
1 ml. of the usual acid molybdate reagent contains o-14N H,SO,. The
optimum normality of acid is very dependent on the amount of molybdate
present (cf. Kalle, 1934).

(3) The influence of pH is due to its effect on the competing oxidation-
reduction systems, phosphomolybdic acid = phosphomolybdenum blue,
Sn*+++ = Sn*+* and H* = H. Electrometric measurements showed that
the colour intensifying effect of sulphate is due to an increase in the pH of the
reaction mixture. i

(4) The depth of colour in distilled water, reached after thirty minutes, is
independent of temperature but electrolytes give rise to a temperature
coefficient.

(5) Chloride, in contrast to sulphate, causes not only a diminution but also
an alteration in the shade of the reduced solution so complicating the salt
error problem in work with sea water (cf. also Robinson & Wirth, 1935).

FormATION OF COMPLEX MOLYBDENYL HALIDES

Reduction of molybdic acid in solution in strong hydrochloric or hydro-
bromic acid, either with hydrogen iodide or electrolytically at a platinized
platinum electrode, leads to the formation of complex molybdenyl halides,
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R, [MoOX,], where R is an alkali metal or an ammonium base and X is
chlorine or bromine. Under suitable conditions these complexes may be
crystallized, the chlorides being green and the bromides brown to yellow. They
are all rapidly hydrolysed by water, the concentrated solutions being reddish
brown passing through orange to bright yellow on dilution. The bromides
are even more liable to hydrolysis than are the chlorides. The stages in the
hydrolysis have been elucidated (James & Wardlaw, 1927; Angell, James &
Wardlaw, 1929). This work agrees with the views put forward by Tischer
(1934). Inasample of sea water submitted to colorimetric analysis of phosphate
we have all the conditions required for the formation of these complexes—
large amounts of chloride and some bromide, excess of molybdic acid, a
degree of acidity sufficient to promote their formation and a reducing agent,
present only in small quantity it is true, but more powerful than hydrogen
iodide.

This formation of molybdenyl halides and their yellow hydrolytic products
may be readily shown by adding a solution of stannous chloride, drop by drop,
to a resting sample of sea water containing acid molybdate reagent. Bright
yellow streaks will be seen slowly falling towards the bottom of the flask.
Complete suppression of the complex molybdenyl halide formation is difficult,
but it may be much reduced by rotating the solutions rapidly whilst the
stannous chloride solution is being added, so avoiding a temporarily high local
concentration of the reducing agent. It may also be reduced by cutting down
the amount of stannous chloride added (Atkins, 1928 p. 202). Controls are
necessary to ensure that this is not cut down too much.

Between five and ten minutes after the addition, a slight development of
yellow tint need not prevent an experienced analyst making a reproducible
colour match. Since the yellow colour then develops more rapidly, comparison
after half an hour or more is undesirable.

When colour filters are used a very serious source of error may arise. The
formation of molybdenyl chlorides is accompanied by absorption not only in
the blue and green but also in the red. This absorption in the red would be
attributed to the presence of phosphate. In any one group of experiments
where “yellowing” is taking place, it may be uniform and very difficult to
detect by ordinary methods of control, using a photometer in a dimly lit room.
When this happens the results may appear excellent; the colour increment for
the addition of a given amount of phosphate may be uniform throughout a
long series of determinations; blank measurements may appear in perfect
order, and yet the content of phosphate found may be as much as 759, too
high. The unsuitability of the solutions for analysis is at once evident when
they are examined in bright daylight. The colour increment is also greater
than is found when a good blue has developed.
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STRENGTH OF MOLYBDATE REAGENT

Kalle (1933, 1934, 19354, b) has made a detailed investigation of the optimum
conditions for the analytical determination of phosphate in artificial sea water.
He found (1934) that the usual molybdate reagent is blended in the right pro-
portions, but that if the amount used were reduced by one-half the intensity
of colour development was always increased and the salt error diminished.
From Kalle’s results with the Pulfrich photometer (S72 filter), using 1 ml.
of molybdate reagent per 100 ml. of water, a correction factor, 1-13, was
found, and agreed closely with determinations then made by the writer using
Hehner cylinders and natural sea water—1-11 and 1-12.

The reduced quantity of molybdate reagent (I:100) was adopted as
standard practice in April 1934, but comparison in Hehner cylinders was
continued in preference to the Pulfrich photometer.

THE ErrecT OF COPPER

Subsequently Kalle (1935a) suggested that minute traces of copper affect
the development of blue colour and are mainly responsible for the salt error.
To overcome this he suggested adding copper to all standards and sea water
samples, so that results would then not require correction for salt error.
Tischer and Kalle agree that the depressing effect of increasing quantities of
copper is represented by a curve with a flat inflection but do not agree as to
its position. They both used 1 ml. of molybdate reagent per 100 ml. of
water. The flat part of the curve, where increase in the amount of copper
leads to no further decrease in colour, lies between 120 and 1200 mg./m.?
according to Kalle and between 1460 and 8560 mg./m.? according to Tischer.
With 250 mg./m.?, the decrease in colour in distilled water is about 39,
according to Tischer, about 5%, according to Kalle and about 10%, according
to extensive experiments made by the writer. It is clear from Tischer’s
discussion that the effect of copper will be the greater the less the quantity of
stannous chloride used.

As much copper as 30 mg./m.? has been shown to have a negligible effect
on colour development by Tischer, Kalle and the writer. With this the in-
vestigations of Robinson & Wirth (1935) and Brambel & Cowles (1937) agree.
Such an amount of copper has never been found in our distilled water nor
in our sea-water samples, so that we feel that no phosphate analyses here are
likely to be affected in this way. Since our Nansen-Pettersson sampling bottle
is made of a copper alloy which has corroded badly, a number of tests have
been made for contamination of the samples by copper. During the few
minutes of a routine haul from less than 100 m. contamination is not serious,
but when water had been left in the sampling bottle for four hours during
the journey back to the laboratory it was found to have been enriched with
500 mg./m.? Thus in working at greater depths or with less attention to
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washing the bottle with fresh water after the day’s work, there is an ever
present risk of serious contamination. The alloy used in the hydrographical
bottles is unsatisfactory and an effort -should be made to build them of in-
corrodible components such as stainless steel and ebonite, or silver-lined
bottles of the Discovery Expedition type should be used.

From June 1936 to October 1937 copper was added to all our standards
and sea-water samples prior to analysis (25 pg. Cu and 1 ml. of molybdate
reagent per 100 ml.). The development of colour was diminished but to the
same extent in both sea water and standards (Tables I and II). The phosphate

results required the same correction factor as though no copper had been
added.

DETERMINATION OF SALT ERROR

The method of phosphate analysis is that of Denigés as applied to sea
water by Atkins (1923). The reagent blank, which includes colour due to
impurities in the reagents, natural colour of the water and any colour due to
slight reduction of molybdic acid in absence of phosphate, was evaluated
as described by Cooper (1933, p. 715).

TABLE I. EFrecT OoF COPPER ON SALT ERROR CORRECTION FACTOR.

Comparison by day- Comparison with S72

light in Hehner filter in Pulfrich

cylinders photometer
"No.of  Mean _ No.of  Mean
Waters compared Determina- Factor Determina- Factor

(D.W.=distilled water; S.W.=sea water) tions tions

2 ml. molybdate reagent/100 ml.
D.W.+no added Cu D.W.+4 mg.-atom/m.* added Cu — - 2 115
D.W.+no added Cu S.W.+no added Cu 2 1-36 2 1-23
D.W.+no added Cu S.W.+4 mg.-atom/m.* added Cu e — I 1:25
D.W.+ 4 mg.-atom/m.? S.W.+4 mg.-atom/m.? added Cu I 1-25(7) 2 I-13

added Cu

1 ml. molybdate reagent/100 ml.
D.W.+no added Cu D.W.+ 4 mg.-atom/m.? added Cu - - 9 I°I1I
D.W.+no added Cu S.W.+no added Cu 3 111 5 1-07
D.W.+no added Cu S.W.+4 mg.-atom/m.? added Cu — - 4 1-23
D.W.+ 4 mg.-atom/m.? S.W. + 4 mg.-atom/m.? added Cu 2 110 8 110

added Cu

In certain experiments the amount of acid molybdate was reduced from
2 to 1 ml. per 100 ml. of water (cf. Kalle 19354; Tischer 1934). No attempt
was made exactly to control temperature. In winter during the day the
laboratory temperature ranged from 11 to 15° C. During the experiments
of June 1936 it was 17° C. The acid ammonium molybdate reagent was
prepared as described by Atkins (1923). The solution of stannous chloride
was freshly made by dissolving o-10-0-15 g. SnCl,.2H,0 in 25 ml. 4N
hydrochloric acid. A solution made by dissolving metallic tin in hydrochloric
acid in presence of a little copper sulphate (Atkins 1923) is equally effective.
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One drop of the stannous chloride solution added to 100 ml. of water con-
taining o-5 mg.-atom/m.? P (15 mg./m.? P) gives a sixfold excess of stannous
ions. Stronger solutions of phosphate require more stannous chloride but the
same amount must be added to standards as well. If there should be any
doubt as to whether sufficient stannous chloride has been added, the increment
of colour due to, say, 0-3 mg.-atom/m.? P should be determined.

Direct visual comparison was usually made in Hehner cylinders 20 cm.
high. In work with the Pulfrich photometer, absorption tubes 15 cm. long
and holding about 9o ml. of liquid were used in conjunction with the red
S72 filter. This shows maximum absorption above 700mpu. (see Cooper and
Milne, 1938, Fig. 1).

TaBLE II. SALT ERROR CORRECTION FACTOR FOR PHOSPHATE IN SEA WATER
UNDER DIFFERENT CONDITIONS OF DETERMINATION

Comparison by daylight Comparison in Pulfrich
in Hehner cylinders photometer with S72 filter
Date Factor Date Factor

I. Using 1 ml. of molybdate reagent per 1oo ml. of water.
(a) No copper added to either sea water or standard.

June 19344 I-11 Jan. 19364 1.05
June 19345 112 Jan. 193686 1-09
March 1936 109 . June 1936 I'13
Jan. 1938 I-15 Sept. 1936 (1-00?)
Feb. 1938 1-17 Jan. 1937 I°13
: Jan. 1938 I-II%
Mean 113 _I;
(b) o4 ml. M/1000 CuSO, added to sea water and standards.
March 1936 1-09 Jan. 1936 113
Dec. 1937 1-10 Sept. 1936 1-04
Jan. 1937 110
Dec. 1937 1-10
Mean 1-10 I'10

II. Using 2 ml. of molybdate reagent per 100 ml. of water.
No copper added to either sea water or standard.

March 1936 1-37 June 1936 1-23
Feb. 1938 1-35 Jan. 1937 1-22
Mean 1-36 123

* Result of an experiment with extensive cross-checks and controls; has been given the
weight of four experiments.

In Tables I and IT are collected determinations of the correction factor for
salt error in sea water under different experimental conditions; in Table III
may be found those by other workers.

When 1 ml. of molybdate reagent is used per 100 ml. of water the method
of comparison is immaterial. The correction factor, 1-12, has been adopted
for all the writer’s determinations with 1 ml. molybdate per 100 ml. of
water, no matter whether comparison had been made by direct comparison of
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the blue colour in Hehner cylinders or by means of the red S72 filter in the
Pulfrich photometer, or whether or not extra copper had been added to both
sea water and standards.

However, when double the concentration of reagent is used (2 : 100, as in
Atkins’ original method), the correction factor is considerably greater for
comparison by daylight (1-35) than when a red filter is used in some kind of
photometer (1-19). It is evident that the spectral composition of the blue

TaBLE III. CoRRECTION FACTOR FOR SALT ERROR FOR SEA WATER OF 35°/_,

SALINITY
Method Author
(a) When 2 ml. of acid molybdate reagent is used per 100 ml. of sea water.
Factor (a)
Spectrophotometer with filters having
maxima at 660 and 684 mp Buch (1929) I-I7%
Photoelectric colorimeter; 650 mpu Brambel & Clowes (1937) -7t
Pulfrich Photometer and S72 filter Robinson & Wirth (1935) I'I5
P 2 3 Cooper (this paper) 1-22
Mean of measurements with filters 1-18
Comparison by daylight Ibafiez 1-29%
P » » Brujewicz & Krasnowa (1933) 1-35
1 3 2 Redfield, Smith & Ketchum (1937) 1-35
33 ET] 23 Cooper (thls paper) 1 36
5 5 P Igelsrud, Robinson & Thompson _
(1936) 1-25§
(b) When 1 ml. of acid molybdate reagent is used per 100 ml. of sea water.
Factor (&)
Pulfrich photometer and S72 filter Kalle (1934) I-13
5 3 ’ 9 Cooper (this paper) 111
Mean of measurements with filters I-12
Comparison by daylight Cooper (this paper) I-13

* Buch found that the salt error varied with the concentration of phosphate. The figure
given is taken from his Tables and graphs for amounts of phosphate up to about 1 mg.-atom/
m.? P.

1+ From graph.

i For waters containing less than 1-1 mg.-atom/m.* P.

§ For water of 29°/, salinity.

colour differs somewhat according to the amount of reagent used. The factor
1-35 has been adopted for correcting all direct visual determinations made by
Atkins and the writer, using 2 ml. of molybdate reagent per 100 ml. of water.
Small variations in these factors arise from variations in the concentration
of stannous chloride and in temperature. The correction factor must not be
assumed to be a true constant. Itis desirable therefore that each worker should
establish the factor afresh for the precise conditions applying to his own work.
There is some evidence (Table I) that, when 2 ml. of molybdate reagent
is used per 100 ml. the presence of copper (ca. 200 mg./m.*) affects differ-
entially the development of colour in distilled water standards and in sea
water. In presence of copper the salt error factor for comparison by daylight
may be about 1-25, but this figure is the result of one determination only.
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Analyses here are now carried out by the procedure described by Wattenberg
(1937), except that only 005 or o-10 g. of stannous chloride dissolved in
25 ml. 4N hydrochloric acid is used since hydrolysis is thereby more completely
suppressed. They are invariably made within 24 hours of collection.

SUMMARY

The yellowing which may occur during phosphate determinations in sea
water is attributed to hydrolytic products of complex molybdenum halides.

When 1 ml. of the usual acid molybdate reagent is used per 100 ml. of
water, addition of copper as recommended by Kalle reduces the development
of colour in sea water samples and in distilled water standards to the same
extent. The correction factor 1-12 applies to comparison by daylight in
Hehner cylinders and to photometric determinations with a red filter.

When 2 ml. of reagent is used per 100 ml. of water, the factor depends on the
method of comparison. With comparison by daylight in Hehner cylinders it
is 135, whereas if a photometer with a red filter is used it is only 1-19.
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APPENDIX

On 13 April 1938, after this paper had been prepared, a fresh batch of acid molybdate
reagent was made up. Using 1 ml. of this per 100 ml. of water, the salt error correction
factor was found to be 1-39 instead of 1-12 as anticipated. Moreover the factor de-
creased with time:

April 14 1'39
April 19 1'33
May 13 129
June 8 129
July 24 1-25.

To remove a slight yellow tint, the 509, (by volume) sulphuric acid had been
treated with a few drops of N/10 permanganate as suggested by Kalle (1934) (0-4 mg.
Mn per litre of acid molybdate reagent). The resulting manganous salt, although very
small, provided a possible explanation of the anomalous correction factor. To test this
view, two fresh 400 ml. batches of acid molybdate reagent were prepared on July 28,
one treated with permanganate as above, the other not. The same samples of ammonium
molybdate and sulphuric acid were used as in April. The salt error correction factor,
determined by direct visual comparison in Hehner cylinders, was, in each case, 1-11,
in agreement with the value established on p. 176. The anomalous factor cannot
therefore be attributed to the presence of manganese. Further search for the cause of
the anomaly has not been made but, nevertheless, this experience emphasizes the
need for care if accurate results are to be had.





