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ABSTRACT

The mobility and bioavailability of phosphorus, an element widely considered to
be the limiting nutrient for eutrophication in fresh water, is determined by its speciation
in the natural environment. The speciation of phosphate in model systems of increasing
complexity and in poultry litter was investigated using solid-state *'p Nuclear Magnetic
Resonance (NMR) and P K-edge X-ray Absorption Near Edge Structure (XANES)
spectroscopy as molecular tools. The sorption kinetics and isotherms of phosphate were

also investigated in these model systems.

The spectroscopic results indicate that phosphate sorbs to the gibbsite surface as a
combination of binuclear, bidentate surface complexes and amorphous aluminum
phosphate surface precipitates in the presence and absence of the competing organic acid
citric acid and of the cooperatively adsorbing calcium cation. No aluminum phosphate
surface precipitates are however observed in the model system containing both gibbsite
and calcite as sorbents. but rather ternary surface complexes at the gibbsite surface at low
surface concentrations, and a mixture of surface complexes at the gibbsite surface and a

calcium phosphate precipitate at the calcite surface at elevated concentrations.

The results of the ® 'P-NMR-spectroscopic investigation of unamended and alum-
amended poultry litter (PL) indicate that on average 40 + 14 % of the phosphate in alum-
amended PL are bound either as surface complexes on aluminum hydroxide or as an
uncondensed aluminum hydroxyphosphate precipitate. In both alum-amended PL and
unamended PL, phosphate is present as a calcium phosphate phase, probably a surface

precipitate at calcium carbonate surfaces or tribasic calcium phosphate. Only a minor

Xvi



proportion can be clearly identified as inorganic orthophosphate bound by hydrogen
bonds and is expected to be readily water-soluble. A large proportion (= 50 %) of the
phosphate species cannot be resolved by 3Pp_.NMR. These species are probably organic
and inorganic orthophosphate complexed by a variety of cations in an inhomogeneous

environment.

This research demonstrates the scope and limitations of solid-state 3'P.NMR
spectroscopy for the analysis of heterogeneous materials such as poultry litter. It further
provides a basis for the interpretation of solid-state YP.NMR spectra of other
environmental samples, e.g. whole soils or size fractions of soils. composts. sewage

sludge, or animal wastes.
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Chapter 1
INTRODUCTION

Phosphorus has been recognized as the limiting nutrient for eutrophication in
fresh water because it is supplied through equilibria with solid phases, whereas other
macronutrients such as carbon and nitrogen are also supplied by atmospheric sources
(Sharpley et al., 1994). Although a naturally occurring aging phenomenon of surface
water, cutrophication is accelerated by anthropogenic nutrient inputs and therefore poses
a severe threat to water quality worldwide (Sharpley et al., 1994, 1999, 2000). An over-
supply of nutrients triggers an increased growth of algae and other water plants. The
decaying plant matter causes turbidity and reduces the oxygen content, severely
disrupting the aquatic ecosystem and causing fish kills. This reduces the water quality
for use and poses severe health threats. Elevated concentrations of phosphorus have also
been associated with the outbreak of the dinoflagellate Pfiesteria piscicida in estuaries on
the Atlantic coast of the U.S., which produces a toxin lethal to fish and hazardous to the
health of humans (Burkholder and Glasgow Jr, 1997; Burkholder et al., 1992, 1997).
With rapidly diminishing fresh water supplies and the accompanying political and social
problems expected or already encountered worldwide, the management and protection of
fresh water supplies have become environmental challenges for the immediate future and

play an important role towards sustainable development.



After decades of regulating phosphorus point-sources and decreasing inputs into
lakes, streams and estuaries from industry and municipal waste water treatment plants,

inputs of phosphorus from agriculture have remained as an important non-point-source.

Modern intensive agriculture relies heavily on the input of nutrients in the form of
mineral fertilizers or as animal manure to ensure food and fiber production. Animal
manure has been extensively utilized as an inexpensive and effective method to improve
soil quality by adding organic matter and enhancing soil fertility. In areas with
industrialized poultry production such as the Delmarva Peninsula, however, the practice
of soil-application as a cheap way of disposal of the animal wastes has led to a net
accumulation of nutrients, especially phosphorus, in the soils. This is mainly caused by
the sheer mass of animal wastes applied to the soils. Another reason is the low N : P ratio
of the poulwry litter in combination with an application practice to meet the N
requirements of the soils. In other areas, centuries of application of fertilizers has caused

enrichment of the soils with phosphorus.

Phosphorus can be lost from soils by erosion (particulate phosphorus) and by
surface run-off and leaching (primarily soluble phosphorus). A research effort has been
undertaken to establish a general model linking such soil-P properties as the P-saturation
or soil-P test values to the concentration of P in run-off and provide a tool to better
predict P-losses from soils (Maguire and Sims, 2002; McDowell and Sharpley, 2003;
Pautler and Sims, 2000). P-saturation has been defined as the maximum amount of P that
can be immobilized in a soil, assuming that inorganic phosphate mainly adsorbs to the

amorphous or oxalate-extractable Fe- and Al- hydroxides (Freese et al., 1995). In reality,
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the definition of a soil-P level, at which saturation occurs. is not trivial due to the
complexity of P reactions in soils and the number of different species controlling P

concentrations.

In acid to neutral agricultural soils, inorganic orthophosphate is primarily
associated with secondary Al and Fe minerals, which are either present as distinct metal
(oxy)hydroxide particles in the clay-fraction or as coatings on primary mineral grains. It
has been found that even in neutral to basic soils. which contain considerable amounts of
Ca and Mg as free cations or as calcite and dolomite. only part of the soil-P is present as
Ca or Mg phosphate phases (Castro and Torrent, 1998, 2000; Delgado et al., 2000;
Hamad et al., 1992). Phosphate has been found to be either predominantly associated
with Fe (oxy)hydroxide coatings (Hamad et al., 1992) or to be distributed between
calcium phosphate precipitates and sorbates on variably charged mineral surfaces (Castro

and Torrent, 1998, 2000), depending on the relative amounts of the soil components.

Up to 80% of the soil-P compounds are organic phosphates or phosphonates
(Dalal, 1977), the sorption reactions of which have not been studied as extensively as
those of inorganic orthophosphate (Parfitt, 1978). Organic P compounds in soils show a
broad range of solubility and therefore mobility: Small phosphate monoester or diester
molecules, products of metabolic processes in microorganisms, are readily soluble,
whereas phosphates or phosphonates incorporated in soil organic matter (SOM) or

microbial biomass are more slowly mobilized or virtually insoluble.

Of the phosphate species in soils, dissolved inorganic orthophosphate, which is

present as hydrogen phosphate and dihydrogen phosphate at typical soil pH values, has






