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Labile organophosphorus and inorganic polyphosphate compounds have been identified as 
a potential source of error in the measurement of inorganic monophosphate in natural 
samples. To test this, a range of synthetic phosphorus containing compounds were used to 
prepare solutions of known composition, which were measured by three commonly used 
analytical methods for the determination of monophosphate in natural waters. The 
solutions were also measured after acidic persulphate digestion, to assess the overall 
recovery of phosphorus by a standard total dissolved phosphorus analysis. No significant 
concentration of phosphorus was detected in any of the solutions by the three 
monophosphate methods, when analysed within 4 h of preparation. However, when 
analysed after 72 h storage, about half of the selected compounds showed an increase in 
the monophosphate concentration. The phosphorus concentrations measured after acidic 
digestion were in close agreement with the formulated values for the compounds. These 
results indicate that the selected compounds are included in the total dissolved fraction, 
but may also contribute to the monophosphate fraction by hydrolysis to monophosphate 
in solution after storage. 
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112 F. H. DENISON et al. 

INTRODUCTION 

Phosphorus (P) is generally regarded as the limiting nutrient for primary 
production in freshwaters and excessive loading of P has been shown to be causal 
in the eutrophication of freshwaters. The total P content of natural waters is 
distributed between various physical compartments['], including: a dissolved 
fraction comprising both inorganic and organic P species; a colloidal fraction 
associated with both inorganic colloids such as clays and organic macromole- 
cules including humic and fulvic acids; a particulate component including P 
species sorbed to particle surfaces or retained in the particle matrix and also a 
biological constituent associated with aquatic organisms such as algae or 
bacteria. Only a part of the total phosphorus pool is biologically available, i.e. 
that which is immediately available for biological utilisation or can be 
transformed into an available form by naturally occurring processes[*]. 

Measurements of the P content of natural waters are operationally or 
analytically defined, i.e. the various commonly measured P fractions are not 
identical to the known specific physical or chemical components of P in natural 
waters[']. As the primary reason for measuring the P content of natural waters is 
to assess the amount of P available for biological utilisation, it is important to 
define which specific P compounds are being measured. 

Measurement of the dissolved P content of a sample is usually performed after 
the physical separation of the particulate component of the sample by filtration 
through a 0.45 pm membrane filter. This sample fractionation is used for 
convenience rather than to obtain a sample wholly representative of the dissolved 
P fraction and the filtrate may contain significant quantities of P containing 
colloidal materialL3]. Total Dissolved Phosphorus (TDP) concentrations are 
determined on filtered water samples (0.45 pm membrane) by digestion of the 
sample, usually by acid oxidation, to decompose the dissolved and some 
colloidal P species to inorganic monomeric phosphate. The resulting phosphate 
is then measured, usually by reacting with acidic molybdate to form 
12-phosphomolybdic acid, which on reduction forms the strongly coloured 
phosphomolybdenum blue species which is determined spectrophotomet- 
r i~ally[~].  

Various methods are used to estimate the concentration of the inorganic 
monomeric phosphate component of the TDPf51. These methods include those 
based on the reaction of phosphate ions with molybdate ions to form 
12-phosphomolybdic acid, enzymatic methods, fluorometric methods, radio- 
biological assays and ion-exchange chromatography. Methods utilising the 
reaction of phosphate ions with molybdate ions dominate routine phosphate 
analyses and the most common method used for natural waters is that described 
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MEASUREMENT OF DISSOLVED PHOSPHORUS 113 

by Murphy and Riley[6'. Numerous methods utilising the phosphomolybdate 
complex have been described using different concentrations of acid and 
molybdate and different reductants and catalysts. Methods optimised for use in 
automated systems, such as Flow Injection Analysis (FIA), are also commonly 
used. These methods generally use a shorter contact time between the sample and 
reagents than equivalent manual methods. Measurements by ion-exchange 
chromatography are also used in routine analysis, and have the advantage that a 
number of different ions can be determined concurrently. 

Phosphorus concentrations measured by different methods are often regarded 
as interchangeable, but due to the non-specific nature of these measurements the 
analytical conditions used will determine what fraction of the TDP is determined. 
The pH, temperature, concentration of the reagents and the contact time between 
the sample and reagents all influence what is measured. Indeed, it has been 
observed that there are statistically significant differences in the phosphate 
measured by different methods on the same natural water samples['* *I. 

The P fraction determined by the method of Murphy and Riley is known as 
Soluble Reactive Phosphorus (SRP), Molybdate Reactive Phosphorus (MRP) or 
Dissolved Reactive Phosphorus (DRP). SRP is assumed to be composed of 
largely soluble compounds which are biologically available. However, many 
studies have indicated that SRP is not exclusively composed of dissolved 
monomeric inorganic phosphates e.g. H,P04-, HP04,-, P043- and various ion 
pairs such as CaHP040 and Capo4-, but includes other phosphorus species[9* lo]. 

These include phosphorus associated with colloids either incorporated into the 
molecular structure or through cation bridges to anionic surface sites and 
possibly contributions from dissolved organophosphorus and inorganic poly- 
phosphate compounds hydrolysed during the analytical procedure. In some 
natural waters, generally of low SRP concentration, a significant fraction of the 
SRP (25-70%) is not identical to dissolved inorganic monomeric phosphate['* 91 

and is not immediately biologically available. 
The difference between the SRP and TDP concentrations of a sample is known 

as the Soluble Unreactive Phosphorus (SUP) and is commonly equated with 
organic phosphorus['* 41. Organophosphorus compounds play an important role in 
natural waters and in some waters may contribute a significant proportion of the 
total dissolved phosphorus fraction[". To understand the role that organo- 
phosphorus compounds play in the cycling of phosphorus in the environment, it 
is important to know which methods include dissolved organophosphorus 
compounds in their measurements. TDP measurements are assumed to include 
all organophosphorus and inorganic polyphosphate compounds by their complete 
decomposition during acidic oxidation. It is possible that some organophos- 
phorus compounds are included in the measurement of SRP, as it is known that 
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114 F. H. DENISON et al. 

many organophosphorus and inorganic polyphosphate compounds are hydro- 
lysed in acid condition~['~]. For example the molybdate ion, which is used in 
most of the common colourimetric methods, can also catalyse the hydrolysis of 
organophosphorus  compound^['^^ '4. In addition the low pH used in colouri- 
metric procedures is likely to reduce the sorption of phosphorus to colloids, 
especially from surface sites of polyelectrolytes and the edge sites of clays. The 
hydrolysis of labile phosphorus compounds during the analytical determination 
of inorganic monophosphate will result in an over-estimation of the true 
monophosphate concentration, and an under-estimation of the concentration of 
organophosphorus compounds. As SRP is commonly determined by several 
different methods using different analytical principals and conditions, it is 
possible that the extent of hydrolysis of organophosphorus or inorganic 
polyphosphate compounds will vary between the different methods. 

The objective of this work was to compare four commonly used analytical 
methods for the measurement of dissolved phosphorus; a TDP method, the SRP 
method of Murphy and Riley, an SRP method modified for use in a flow injection 
analysis system, and anion exchange chromatography. This was achieved by 
measuring the phosphorus in solutions of known composition of a range of 
compounds, chosen to represent the major classes of dissolved phosphorus 
compounds found in natural water samples. These included compounds 
containing C-P, C-0-P, sugar-0-P, sugar-C-0-P, aromatic and saturated ring-0- 
P and P-0-P bonds. The compounds also encompassed organic molecules 
detected in environmental samples e.g. inositol phosphates[l6* "1, adenosine 
3',5'-cyclic monophosphate['*], and also tripolyphosphate used in detergent 
formulations and also present in bacterial cells. 

METHODS AND MATERIALS 

Materials 

Twelve compounds were investigated using four different methods of phosphate 
determination. The compounds were selected to be representative of the major 
classes of organophosphorus and polyphosphate compounds found in natural 
waters, namely: a) phosphoric esters, b) nucleosides, c) phosphonates and d) 
polyphosphates. a-D-Glucose 1-phosphate di-sodium salt, D-glucose 6-phos- 
phate di-sodium salt, adenosine 5 ' triphosphate di-sodium salt, p-nitrophenyl 
phosphate di-sodium salt, adenosine 3',5'-cyclic monophosphate, glycer- 
ophosphate di-sodium salt, myo-inositol 2-monophosphate Di(cyclohexy1am- 
monium) salt, inositol hexaphosphate dodecasodium salt, 2-aminoethylphos- 
phonic acid, tetra sodium pyrophosphate, pentasodium tripolyphosphate, 
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MEASUREMENT OF DISSOLVED PHOSPHORUS 115 

trisodium trimetaphosphate and potassium dihydrogen orthophosphate. These 
were all obtained from Sigma-Aldrich ltd. (Poole, UK) used without additional 
purification. Inorganic compounds were dried at 105°C for 4 hours, and organic 
compounds were dried in a desiccator for 2 hours prior to use. All reagents used 
were AR grade (BDH, Poole, UK) and analytical quality water (0.06 pS an-') 
from a Purite Select Analyst HP purification system was used throughout. 

Analytical Methods 

The phosphorus concentration of each of the solutions was measured by four 
methods. These methods were calibrated using standard solutions of KH,PO, 
(dried in an oven at 105°C for 4 h and stored in a desiccator) in the range 0.3-12 
pmol dm-3 prepared volumetrically. The four methods were: 

(1) The manual method of Murphy and Rileyt61 (MR). The reagent was prepared 
by mixing 100 ml of sulphuric acid solution (140 ml of concentrated 
sulphuric acid diluted to lo00 ml in water), 40 ml of ammonium molybdate 
solution (15 g ammonium molybdate dissolved in 500 ml water), 40 ml of 
ascorbic acid solution (5.4 g ascorbic acid dissolved in 100 ml water) and 20 
ml of potassium antimonyl tartrate solution (0.68 g of potassium antimonyl 
tartrate dissolved in 500 ml water). This mixed reagent (4 ml) was added to 
the sample (20 ml) and the volume adjusted to 25 ml. Absorbance was 
measured at a wavelength of 880 nm in a 4 cm cell after exactly 10 minutes 
and corrected against a reagent blank prepared from analytical quality water 
in place of sample. 

(2) Flow-injection analysis (FIA)[l9]. Reagent 1 was prepared by dissolving 
ammonium molybdate (5 g) in water (300 ml), adding concentrated sulphuric 
acid (17.5 ml) and adjusting to 500 ml with water. Reagent 2 was prepared 
by adding concentrated sulphuric acid (14 ml) to water (300 ml), dissolving 
stannous chloride (0.1 g) and hydroxylammonium chloride (1 g) in this 
solution and adjusting to 500 ml with water. The manifold (Figure 1) was 
constructed from 0.8 mm i.d. PTFE tubing. Absorbance at 690 nm was 
measured continuously and the absorbance peak height of each sample 
evaluated from the peak maximum during a window of 10-30 seconds after 
sample injection, minus the baseline value 

(3) Anion-exchange chromatography (AEC), using a Dionex ion chromato- 
graph, series 4500i. The sample (200 pl) was injected into the eluent stream 
(3.4 mmol dm-3 NaHC03/3.6 mmol dm-3 Na2C03), passed through an 
IonPac AS9 - SC anion exchange column and the phosphate measured by 
conductivity, after suppression of the eluent conductivity by passage through 
a micromembrane suppressor. 
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116 F. H. DENISON er 01. 

FIGURE 1 Manifold design for the Flow Injection Analysis of soluble reactive phosphate. 

(4) Total Dissolved Phosphorus (TDP), was measured using a method modified 
from Eisenreich et The reagent was prepared by dissolving potassium 
antimony1 tartrate (0.57 g) in 500 ml of water, adding concentrated sulphuric 
acid (45 ml) and mixing with sodium molybdate (8.52 g) dissolved in 400 ml 
of water and the volume adjusted to loo0 ml. Ascorbic acid (0.31 g) was 
dissolved in 50 ml of the reagent to prepare the working reagent. The sample 
(20 ml) was digested by adding dipotassium peroxodisulphate (0.15 g), 1 ml 
of 0.5 mol dm-3 sulphuric acid and autoclaving at 121°C 103 kPa for 45 
minutes. The concentration of phosphorus was determined by adding 1 .O ml 
of working reagent and the absorbance measured at 880 nm in a 4 cm cell 
after exactly 12 minutes. A reagent blank was prepared from analytical 
quality water in place of sample. 

Dissolved organic carbon was measured by a TOCsinII carbon analyser. The 
samples were acidified and sparged by a continuous flow of carbon dioxide free 
air to remove inorganic dissolved carbon. The sample was then forced into an 
oxidation furnace at 900°C and the liberated C02/N2 mixture was passed through 
a drying tube before reacting with hydrogen over a nickel catalyst. The dried 
methane was measured using a conventional Hame Ionisation Detector (FID). 

Sample Preparation and Stability 

Solutions of each phosphorus-containing compound were prepared with a 
nominal phosphorus concentration of 12 pmol dm-3, with the exception of 
pyrophosphate which had a concentration of 20 pmol dm-3. One set of solutions 
were measured by anion-exchange chromatography (5  replicates) and a second 
set was measured by both the MR and FIA methods (5 replicates for each 
method), all within 4 h of preparation of the solutions. The total dissolved 
phosphorus (5 replicates) was measured for both sets of solutions within 5 days 
of preparation and dissolved organic carbon (single determinations) was 
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MEASUREMENT OF DISSOLVED PHOSPHORUS 117 

TABLE 1 The limits of detection of the four analytical methods calculated using eqn. (2) where LD 
is the limit of detection with a confidence limit of 95%. 

~~ 

Method Murphy and Flow Injection Anion Exchange Total Dissolved 
Riley (MR) Analysis (FIA) Chromatography (AEC) Phosphorus (TDP) 

L d u n o l  dm-? 0.13 0.3 1 0.32 0.16 

measured within 2 weeks of preparation. Analysis by FIA was repeated on the 
second set of solutions, after 72 hours of storage in the light at ambient 
temperature (3 replicates). This was to assess the stability of the compounds in 
aqueous solution and to determine whether any phosphorus measured as 
rnonophosphate was derived from hydrolysis of the compound prior to 
analysis. 

RESULTS AND DISCUSSION 

Limit of Detection 

The limit of detection for each of the methods was calculated from five replicate 
determinations of each of eight solutions of low concentration ( ~ 2 . 5  pmol 
dm-”). The variance of samples of low concentration is assumed to be equal to 
that of a sample blank and visual inspection of the data shows no relationship 
between variance and sample concentration in the concentration range used. The 
standard deviations of each set of replicate determinations were combined using 
(1)[*01, 

where S,, is the pooled standard deviation, s is the standard deviation of sample 
i, N is the number of determinations of each sample, and M is the number of 
samples. The limit of detection of each of the methods was calculated using 
( 2 ) .  

LD = 4.65 X S ,  ( 2 )  

where L, is the limit of detection with a confidence limit of 95%1201. 
The limits of detection of the methods were determined using eqn. (2) and are 

given in Table I. The MR and TDP methods have similar limits of detection, and 
are lower than those of the FIA and AEC methods. 
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118 F. H. DENISON et al. 

Comparison of the Methods for the Determination of Dissolved 
Phosphorus 

No significant amount of dissolved phosphorus was detected in any of the 
synthetic compounds analysed by the MR, FIA and AEC methods (Table 11). The 
mean values of the five replicate determinations were below the limit of detection 
except for myo-inositol 2-monophosphate which gave values of 0.26 and 0.36 
pmol dmP3 by the MR and FIA methods respectively, and tripolyphosphate, 
which gave a value of 0.32 pmol dmP3 when analysed by FIA. The measurement 
of the solution containing only KH2P04 was satisfactory for all three methods 
with values within 4% of the expected value. 

Maximum concentrations of phosphorus measured in the solutions of the 
synthetic compounds by the three methods at a 95% Confidence Level (CL) were 
calculated using the data from the five replicate determinations and expressed as 
a % of the mean TDP concentration determined for these compounds. The 
maximum concentrations measured were less than 2.9, 8.2 and 5.7% by the MR, 
FIA and AEC methods respectively. The higher values obtained by the FIA and 
AEC methods were caused by the greater variance in the sets of replicate 
determinations and hence the poorer precision of the methods compared with the 
MR method. The amount of phosphorus determined from the mean values of the 
replicate determinations was ~ 3 . 1 %  of the TDP content of the compounds in all 
cases. 

Concentrations of total dissolved phosphorus (TDP) were generally in close 
agreement with the formulated values (Table HI), with measured concentrations 
within 3 5 %  of the expected values for all the compounds except for inositol 
hexaphosphate (85.6% recovery). A phosphorus assay by atomic emission 
spectroscopy for the sample batch (supplied by Sigma, Poole) gave a value of 
17.3% of phosphorus by mass, 14% lower than the formulated value of 20.1%. 
This difference may be accounted for by the presence of a series of inositol 
phosphate homologues in the sample supplied and when a correction for this 
lower phosphorus content was applied the recovery was 99.5%. The results from 
the DOC analysis of the organophosphorus compounds produced carbon 
concentrations close to the formulated values, with agreement within *lo% of 
the expected concentration for all the compounds except for 2-aminoethylphos- 
phonic acid (84% recovery). 

Hydrolysis of the Synthetic Compounds 

The SRP (measured by FIA) of six of the synthetic solutions increased 
significantly (95% CL) after storage for 72 h at ambient temperature (cu. 
520°C)  and in the light, indicating that hydrolysis of the compounds had 
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TABLE IV Phosphorus concentrations determined by How Injection Analysis within 4 h and after 
72 h of preparation. The standard deviations of the five replicate determinations are shown in 
brackets. Standard error values are given at a 95% confidence limit. 

Compound P c 4 N p ~ l  dm-' P 72 rJcuMl dm-' P 72 N9b oPDP 

D-Glucose 6-phosphate 0.18 (0.14) 0.41 (0.04) 3.3 * 1.4 
p-Nitrophenyl phosphate 0.17 (0.18) 1.82 (0.09) 14.9 * 3.1 
GI ycerophosphate 0.16 (0.08) 1.72 (0.14) 13.9 * 4.8 
Pyrophosphate 0.26 (0.09) 2.02 (0.06) 10.2 i 1.3 
Tripolyphosphate 0.32 (0.12) 0.83 (0.03) 6.9 i 1.2 
Trimetaphosphate 0.17 (0.12) 0.85 (0.05) 7.2 1.8 

occurred (Table IV). The SRP concentrations of all of the solutions of inorganic 
polyphosphate compounds, pyrophosphate, tripolyphosphate and trimetaphos- 
phate increased significantly to 6.9- 10.2% of the TDP concentrations. The 
hydrolysis of polyphosphate compounds to yield monophosphate as the final 
product is thermodynamically favourable, however the kinetics of the reaction in 
homogeneous dilute aqueous solution are slow. Various physico-chemical and 
biochemical factors influence the rate of hydrolysis and these have been 
summarised by Van WazePI and by Clesceri and The rate of hydrolysis 
of condensed phosphates is greatly increased by a) cation complexation (CaZ+ 
having a much greater effect than Na+), b) lowered pH, c) colloidal gels such as 
hydrated oxides of Fe, Al, Co, Ni, d) the presence of phosphatase enzymes and 
e) increased ionic strength. The rate of hydrolysis in natural samples, even after 
filtration, will therefore be much greater than that observed here. 

Of the organophosphorus compounds only p-nitrophenol phosphate and 
glycerophosphate were hydrolysed significantly to 14.9 and 13.9% of the TDP 
concentrations, respectively. The SRP measured in the solution of glucose 
6-phosphate also increased, but only to 3.3% of the TDP concentration. There 
was no significant increase (95% CL) in the SRP concentrations of the solutions 
of myo-inositol 2-monophosphate, inositol hexaphosphate, 2-aminoethylphos- 
phonic acid, a-D-glucose 1 -phosphate, adenosine 5' triphosphate, or adenosine 
3 ' ,5  '-cyclic monophosphate indicating that these compounds are relatively stable 
in dilute aqueous solution. As for the polyphosphate compounds, the hydrolysis 
rates of organophosphorus compounds can be expected to increase substantially 
in natural samples, especially in the presence of enzymes. 

CONCLUSIONS 

No significant amounts of the synthetic compounds were determined as 
monophosphate by the MR, FIA or AEC methods. Maximum amounts measured 
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at a 95% CL as a % of the dissolved phosphorus (taken as the mean TDP value 
determined for the compounds) were less than 2.9,8.2 and 5.7% by the MR, FIA 
and AEC methods respectively. The digestion efficiency of the total dissolved 
phosphorus method appeared to be good, with concentrations generally in close 
agreement with the formulated values. 

These results indicate that the dissolved organophosphorus and inorganic 
polyphosphate compounds selected, do not contribute significantly to the 
monophosphate measured by the three analytical techniques used. However, 
hydrolysis during storage will contribute to changes in the monophosphate 
concentration, emphasising the need for rapid analysis after sampling and 
filtration[24. 2sl. Further, these results do not exclude the determination of “labile 
phosphorus” associated with both small particles (<0.45 pm) and colloids, which 
have been identified as an important phosphorus source in many natural 
waters[3. 22. 231. The present work supports the assumption that dissolved 
organophosphorus compounds are included in the SUP fraction, but as both 
inorganic polyphosphate compounds and possibly more refractory particulate 
(c0.45 pm) and colloidally associated phosphorus will also be included in this 
fraction, it is preferable to use the operationally defined term SUP rather than 
equate this fraction exclusively with dissolved organic phosphorus. 
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