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1. Phosphorus Concentrations in 

Environmental Samples 
 

1.1 Binding forms of phosphorus  
 

1.1.1 P binding forms in soils 

 
Dana Zimmer, Karen Baumann  

 

Even if the total element concentrations should always be determined in 

environmental samples, the bioavailability or binding form of an element is 

very often of particular interest. Therefore, different wet-chemical and 

spectroscopic methods exist to determine the phosphorus forms in 

environmental samples.  

An overview of P binding forms in soils as well as restrictions and difficulties 

in determination is presented by Cade-Menun and Liu (2013) and is briefly 

presented here: 

In soils, P occurs as organically and inorganically bound P. Inorganic P forms 

are orthophosphates, pyrophosphates and polyphosphates. At 

natural pH values in soils, orthophosphates exist as H2PO4
– or HPO4

2−. 

Polyphosphates are chains of orthophosphates with a length of at least 

two and up to more than 100 orthophosphate groups (pyrophosphate). 

Organic P is subdivided into orthophosphate monoesters, orthophos-

phate diesters and phosphonates, based on binding of P to C (see also 

Turner et al 2005). The general structure of the orthophosphate 

monoesters is ROPO3
2− (with R being an organic residue), with one 

orthophosphate per C. They include sugar phosphates (e.g. glucose 6-

phosphate), mononucleotides and inositol phosphates. Orthophosphate 

diesters [R1O(R2O)PO2−, with R1 and R2 being C-residues] have two C 

per orthophosphate. This includes nucleic acids, phospholipids and 

lipoteichoic acids. Phosphonates are differentiated from other organic P 

forms because they have a direct C-P-bond (no ester bond via O). Their 

general structure is RP(O)(OH)2 and includes 2-aminoethylphosphonic 

acid (AEP), antibiotics such as Fosfomycin and agrochemicals such as the 

herbicide glyphosate. Organic polyphosphates such as nicotinamide 

adenosine dinucleotide phosphate (NADP) and adenosine triphosphate 

(ATP) contain both monoesters and polyphosphate groups. 
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There are different methods for characterising P in soils such as wet-

chemical (e.g. sequential extractions (e.g. Hedley et al. 1982)) and single 

extractions, which try to characterise different P binding forms, different 

bioavailability/P-binding (e.g. DL-extract, oxalate-extract) but also 

spectroscopic methods (e.g. 31P-NMR), which determine the P binding forms 

directly. Wet-chemical methods like the sequential P extraction are 

operationally defined (see also Bacon and Davidson 2008, Rennert 2019) 

and do not represent the true binding forms in soil. The extracted P pools 

base on solubility of P compounds in the extracting agents. Additionally, the 

extracting agents can change the binding forms of the element during 

extraction (see also Bacon and Davidson 2008, Negassa and Leinweber 

2009). When interpreting the results of such extractions, such as the double 

lactate (DL) extract for estimating plant-available P (estimation necessary 

P for fertilisation), it is preferred to call it “DL-extractable P” instead of 

“plant available P”. 
 

For sequential extraction procedures such as the Hedley fractionations, the 

extracts are mainly differentiated colorimetrically (e.g. molybdenum blue) 

by measuring “inorganic P” (Pi) and calculating “organic P” (Po) as the 

difference to total P (e.g. by ICP) . These terms are not precise either, since 

the colorimetric analysis does not determine all inorganic P. Only the 

orthophosphate P can be determined, which reacts with the colour reagent. 

Complex inorganic P forms such as pyrophosphates and polyphosphates as 

well as colloidal P forms cannot react with the colour reagent and are 

assigned to the organic P pool although they do not contain C (see also 

Condron and Newman 2011). Conversely, the low pH value of the colour 

reagent can degrade organic P and polyphosphates to orthophosphates 

which in turn appear as inorganic P. For these reasons, the terms 

“molybdate-reactive P” and “non-reactive P” are the more correct terms 

(Haygarth and Sharpley 2000, Felgentreu et al. 2018). 
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