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Abstract 15 

The aim of this paper is to introduce a virtual special issue that reviews the development of 16 

analytical approaches to the determination of phosphorus species in natural waters. The focus 17 

is on sampling and sample treatment, analytical methods and quality assurance of the data. The 18 

export of phosphorus from anthropogenic activities (from diffuse and point sources) can result in 19 

increased primary production and eutrophication, and potentially the seasonal development of 20 

toxic algal blooms, which can significantly impact on water quality. Therefore the quantification 21 

of phosphorus species in natural waters provides important baseline data for studying aquatic 22 

phosphorus biogeochemistry, assessing ecosystem health and monitoring compliance with 23 

legislation. 24 

 25 

Keywords 26 

Phosphorus, natural waters, water quality, sampling, sample treatment, analytical methods 27 

28 









5 
 

determined. This requires a clear statement of the objectives of the sampling programme and 110 

an understanding of P biogeochemistry and the stability of the P determinands [35]. The figures 111 

of merit of the intended analytical methods should also be specified, e.g. detection limit, linear 112 

range, selectivity, accuracy and precision, together with any constraints on time and cost, in 113 

order to select the most appropriate sample collection and detection strategies [36]. Samples 114 

can be collected manually (discrete grab samples or integrated cross-sectional samples) or by 115 

deploying an automatic sampler for time series acquisition [37]. In the latter case, appropriate 116 

quality assurance is necessary to allow for the fact that different samples will be stored 117 

unfiltered for different lengths of time [38]. Replicate sampling at each location/time is strongly 118 

recommended and in situations where only one sample can be collected, at least three sub-119 

samples should be analysed for robust quantification [39]. 120 

 121 

The sampling strategy should take account of temporal and spatial variability in P 122 

concentrations and ensure that collected samples are representative of the water body being 123 

sampled. Spatial variability is influenced by point and diffuse inputs, in-water processes (e.g. 124 

plant, algal and bacterial turnover), mixing zones, thermal stratification with depth in lakes or 125 

salinity stratification in estuaries. Temporal variability is influenced by seasonal (e.g. summer 126 

base flow compared with higher autumn and winter flows) and short-term (e.g. rain events) 127 

changes in river flow [40] and physico-chemical gradients (e.g. temperature and salinity) [41]. 128 

 129 

Clean sample containers and sample collection apparatus (including filters) are an essential 130 

prerequisite for minimising contamination and most cleaning methods involve acid washing, e.g. 131 

soaking items overnight in a nutrient free detergent, rinsing with ultra-pure water, followed by 132 

soaking overnight in 10% HCl, and finally rinsing with ultra-pure water [42]. 133 

Polytetrafluoroethylene (PTFE) or high density polyethylene (HDPE) are the preferred materials 134 

for containers but quartz, borosilicate glass, low density polyethylene and polypropylene have 135 
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for the simultaneous determination of TP and total nitrogen (TN) and for the digestion of marine 188 

waters due to the oxidation of chloride to free chlorine by peroxydisulfate in acidic media, which 189 

reduces its oxidising power [55]. When alkaline peroxydisulfate digestion is used, autoclaving or 190 

thermal heating should be continued until S2O8
2- is converted to hydrogen sulphate (HSO4

-; pKa 191 

= 1.99) so that a low pH is reached in the latter stages of the digestion and acid hydrolysis of 192 

condensed phosphate species is achieved [51]. An acidic peroxydisulfate method was reported 193 

by Gales et al. [56] and simplified by Eisenreich et al. [57]. The method gives good recoveries 194 

and is simple and easy to use and is therefore recommended for the determination of TP and 195 

TDP in fresh waters [58]. 196 

 197 

UV photo-oxidation can be used for the digestion of marine and freshwaters [41, 59] but if the 198 

sample contains condensed polyphosphates, heating with HCl or peroxydisulfate after UV 199 

irradiation is recommended [60]. UV photo-oxidation also gives good recoveries when 200 

incorporated into a flow injection (FI) manifold [61, 62]. Microwave digestion has also been used 201 

in flow systems in conjunction with spectrophotometric detection [51, 63] and ICP-MS detection 202 

[64]. 203 

 204 

The above methods provide a quantitative measurement of TP or TDP but if information on 205 

specific classes of P compounds is required, a more selective method of sample treatment is 206 

necessary, e.g. the use of phosphate cleaving enzymes such as acid and alkaline 207 

phosphatases, and this is discussed in § 3.3.  208 

 209 

3. Analytical methods 210 

 211 

3.1 Dissolved reactive phosphorus 212 
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reflection optical flow cell that minimised Schlieren effects caused by variations in the refractive 294 

index of estuarine and marine waters [82]. The system was used for chemical mapping and 295 

spatial resolution of one measurement per 250 m was achieved at an injection rate 225 h-1 and 296 

a boat speed of 30 knots (Fig. 3). 297 

 298 

Non-spectrophotometric detection methods involving the formation of molybdophosphoric acid 299 

have also been investigated for the determination of phosphate, e.g. amperometric detection of 300 

phosphate as molybdophosphate [83-86]. Determination of phosphate based on the 301 

fluorescence quenching of the molybdate ion association complex with fluorophores such as 302 

rhodamine B, rhodamine 6G or thiamine by phosphate is reportedly more sensitive than 303 

spectrophotometric methods based on phosphomolybdenum blue [87, 88]. For example, Frank 304 

et al. [89] demonstrated a sequential injection analysis system for DRP determination using the 305 

fluorescence quenching of rhodamine 6G-molybdate to achieve a LOD of 0.05 µM at a high 306 

sample throughput of 270 h-1. This system was used effectively for surface water transect 307 

measurements in the North Sea, Wadden Sea and Elbe estuary. More recently, Kröckel et al. 308 

reported a reverse FI method using the same chemistry that achieved a LOD of 7 nM for 309 

phosphate measurements in seawater [90]. A FI method with chemiluminescence detection 310 

based on luminol oxidation by 12-MPA has also been used to determine phosphate in 311 

freshwaters [91]. 312 

 313 

The LOD of batch spectrophotometric phosphomolybdenum blue methods is typically in the low 314 

µg P L-1 range, e.g. the APHA standard methods publication quotes a LOD of about 3 µg P L-1 315 

with tin(II) chloride reduction (0.1 µM) and 10 µg P L-1 with ascorbic acid reduction (0.3 µM) [92]. 316 

These LODs are inadequate for the determination of DRP in low nutrient (oligotrophic) waters. A 317 

number of approaches have therefore been described to enhance the sensitivity of 318 

spectrophotometric PMB methods, viz; by modification of the chromophore detected, e.g. by ion 319 

pairing of molybdophosphate with a dye, preconcentration by extraction (both liquid and solid 320 
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waters [119, 120]. There is compelling evidence that in the absence of orthophosphate, some 456 

algae and cyanobacteria can utilize phosphorus from organic P compounds via enzymatic 457 

hydrolysis [5, 70, 121-127]. Consequently there is growing interest in methods for the 458 

determination of organic P [128], which hitherto was considered unavailable, and hence was 459 

ignored as a source of bioavailable P. 460 

 461 

3.3.1  Operational speciation 462 

 463 

The most common operational delineation of phosphorus species is that based on filtration to 464 

discriminate between the so-called dissolved or filterable fraction and particulate forms (cf. § 2.2 465 

and Fig 2). Thereafter, digestion (with strong acids/bases and oxidants (cf. § 3.2), or dilute acid 466 

hydrolysis can be performed to obtain estimates of the amount of total or condensed 467 

phosphorus forms present within either the filterable or particulate size fractions. The organic 468 

fraction has conventionally been determined as the unreactive residual fraction after the 469 

reactive and condensed fractions have been subtracted from the total P concentration [92, 129]. 470 

 471 

A convenient, operational, non-specific measure of organic P can be achieved using alkaline 472 

UV photo-oxidation in a flow system with a low wattage lamp [59, 62, 116]. Under alkaline, rapid 473 

photo-oxidation conditions, minimal hydrolysis of condensed P occurs, and what is detected is 474 

the sum of (DOP + DRP). DOP is therefore determined by subtracting the DRP, with the caveat 475 

that DRP may already include some labile DOP. 476 

 477 

3.3.2  Functional speciation 478 

 479 

Strickland and Solorzano [130] and Herbes et al. [131] were among the first to determine 480 

alkaline phosphatase-hydrolysable phosphate in sea and lake waters as a means of measuring 481 

the phosphomonoester fraction. A similar approach has been applied using a suite of different 482 
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using a FI system, demonstrated that the half-life of triphosphate was less than 10 h, thus 510 

accounting for its apparent absence [139]. Espinosa et al. [125] used a similar ion 511 

chromatographic approach, but with off-line TP digestion and detection, to study P speciation in 512 

soil leachate waters. 513 

 514 

Ion chromatography has also been coupled with ICP-AES for the on-line determination of 515 

orthophosphate and glyphosate [140] and phosphite, hypophosphite, pyrophosphate and 516 

tripolyphosphate [141]. Similarly, mass spectrometry has been coupled with IC for the 517 

determination of hypophosphite, phosphite, and phosphate [142] and dialkyl phosphinate acids 518 

[143] in water. These hyphenated separation-detection techniques show the greatest potential 519 

for selective speciation of the plethora of organic and inorganic P species that may occur in 520 

natural waters (and wastewaters). 521 

 522 

4. Quality assurance of phosphorus data 523 

 524 

Phosphorus, particularly in the form of DRP, is a key determinand in many environmental 525 

monitoring programmes and it follows that accurate data are required to implement water quality 526 

management strategies and monitor compliance with environmental standards [47]. Total 527 

phosphorus (TP) is also determined, although less frequently than DRP, and is important for 528 

monitoring discharges from, e.g. wastewater treatment plants and determining P loads [29]. 529 

General guidelines on data quality can be found in ISO/IEC 17025 [144] and specific discussion 530 

of nutrient data quality (including P) in marine waters, together with a practical illustration of how 531 

to determine an uncertainty budget, is presented by Worsfold et al. [145]. 532 

 533 

Certified reference materials (CRMs) are an important component of any quality assurance 534 

programme for the determination of dissolved phosphorus in natural waters and this was 535 
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Phosphorus speciation provides an additional analytical challenge due to the need for increased 561 

selectivity and, often, lower detection limits. Speciation can be defined operationally (e.g. by 562 

filtration) or functionally. Functional selectivity can be achieved by the use of selective reagents 563 

(e.g. enzymes) or by prior separation (e.g. using ion chromatography). Combining separation 564 

strategies with powerful detection techniques such as mass spectrometry is the most promising 565 

way forward for a more complete characterisation and quantification of the dissolved 566 

phosphorus pool. 567 

 568 

Rigorous quality assurance procedures are required in order to ensure compliance with the 569 

legislative requirements for phosphorus in natural waters as well as supporting water quality 570 

management strategies and biogeochemical studies. This in turn generates a need for stable, 571 

matrix specific reference materials that are certified for phosphorus species at environmentally 572 

relevant concentrations.  573 

 574 

Abbreviations 575 

12-MPA   12-molybdophosphoric acid 576 

CRM    certified reference material 577 

DET    Diffusive Equilibrium in Thin films 578 

DGT    Diffusive Gradient in Thin films 579 

DIP    dissolved inorganic P 580 

DOP    dissolved organic P 581 

DRP    dissolved reactive phosphorus 582 

FI    Flow injection 583 

FRP    filterable reactive phosphorus 584 

HDPE   high density polyethylene 585 

IC    ion chromatography 586 

ICP-AES   inductively coupled plasma-atomic emission spectrometry 587 
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ICP-MS   inductively coupled plasma-mass spectrometry 588 

LCW    liquid core waveguide 589 

LED    light emitting diode 590 

LOD    limit of detection 591 

MAGIC   MAGnesium Induced Coprecipitation 592 

MRP    molybdate reactive phosphorus 593 

P    phosphorus 594 

PMB    phosphomolybdenum blue 595 

PTFE   polytetrafluoroethylene 596 

SRP    soluble reactive phosphorus 597 

TDP    total dissolved phosphorus 598 

TP    total phosphorus 599 

UV    ultra-violet 600 

 601 

 602 
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Fig. 1. A schematic diagram of the aquatic phosphorus cycle. Flux and reservoir data obtained from [5, 121, 150-158]. 
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Fig. 2. The various operationally defined P fractions in natural waters, based on filtration and/or digestion. 
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Fig. 3 (a) Schematic diagram of a compact, portable FI analyser for the determination of 

phosphate. PP, peristaltic pump; TFF, 0.2 mm tangential flow filter; FS, differential flow splitter; 

PG, propellant gas and regulator; MC, mixing coil; FC, flow cell; V0, 2-way valve; V1, V2 and 

V3, miniature solenoid valves; R1, ammonium molybdate reagent; R2, tin(II) chloride reagent; 

Std, standard. (b) Phosphate concentrations obtained underway in Port Phillip Bay using the 

portable FIA system compared with those obtained for samples collected by hand and analysed 

in the laboratory. Adapted, with permission, from A.J. Lyddy-Meaney, P.S. Ellis, P.J. Worsfold, 

E.C.V. Butler and I. D. McKelvie, A compact flow injection analysis system for surface mapping 

of phosphate in marine waters, Talanta, 58 (2002) 1043-1053. 

 

 

  




















