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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



been assumed to be the predominantly bioavailable form. It is however also known that
soluble organic phosphate esters are taken up by microorganisms and that soil bacteria
(Paul and Clark, 1996) and mycorrhizal fungi (Smith and Read. 1997) have developed
mechanisms of acquiring phosphate from mineral phases. providing symbiotic plants
with phosphorus. Mineral phosphate is further solubilized in the rhizosphere due to
changes in the soil chemistry caused by the plant roots. Some plants excrete low
molecular weight organic acids to make metal cations available for uptake or to detoxify
high metal concentrations, at the same time dissolving phosphate associated with those
metal cations. Roots also lower the pH in the rhizosphere by exuding protons, which also

dissolves mineral phosphate phases (Jones. 1998; Jones and Darrah, 1994).

Organic ligands in soils not only affect desorption of phosphate but also its
adsorption. Organic amendments to various soils, such as manure and crop residues,
have been shown to increase the solution concentration of phosphate (see for example
(Iyamuremye et al., 1996a, b, ¢; Ohno. 1997; Ohno and Crannell, 1996; Sibanda and
Young, 1986; Staunton and Leprince, 1996)). This has been explained by competition

between phosphate anions and organic acids for surface sites (Traina et al., 1986).

The reactions determining phosphorus mobility and bioavailability in soiis are
therefore complex and no simple correlation with easily attainable soil-P parameters such
as soil-test P or total P level exists. A more complex approach is the study of phosphate
sorption to soils or single soil minerals to determine the dependence of the amount of
phosphate sorbed by the solid phase on pH (sorption envelopes); on solution

concentration (sorption isotherms); or on time (sorption kinetics). Although great



advances have been made in modeling sorption envelopes and isotherms numerically,
their results have only limited applicability, mostly due to the fact that soils are too
heterogeneous to allow for generalization and phosphate sorption itself is affected by too

many parameters.

P mobility and bioavailability are generally determined by P speciation. Although
certain phosphate species such as mono- and bi-dentate surface complexes have been
successfully used to model the pH dependence of phosphate sorption to soil minerals, P
speciation can only be unambiguously studied using molecular spectroscopy.
Furthermore, no correlations exist between P speciation, the molecular scale of P sorption.

and sorption kinetics and isotherms on a macroscopic scale.

The molecular spectroscopic methods nuclear magnetic resonance (NMR) and x-
ray-absorption (XAS) spectroscopy are standard analytical methods in chemistry, biology.
medicine and materials science. Improvements in technology, such as the availability of
stronger magnets for NMR and 3™ generation synchrotron radiation facilities for XAS,
and development of advanced techniques have made them suitable for studying
environmental samples as well, which usually pose greater difficulties to the
spectroscopist due to low concentrations or sample heterogeneity (See for example:
(Bertsch and Hunter, 2001; Fendorf et al., 1994; Lookman et al., 1997; Nanny et al., 1997;

Wilson, 1987)).

Attempts have been made to combine information on the molecular scale from
spectroscopic investigations with macroscopic information to link speciation with

solubility, desorbability and mobility. This approach allows for a better understanding of



sorption and desorption reaction mechanisms of metals on soil minerals and thus for
generalizations and predictions of their fate and mobility in soils (Guest et al., 2002;
Scheidegger et al., 1996, 1998). Similarly, Frossard et al. (1994) combined high-
resolution solid-state >'P NMR spectroscopy with a sequential chemical extraction
technique for the analysis of urban sewage sludge to identify P-species and gain insight in

their mobility and availability.

The objectives of the rescarch presented here are the investigation of P species in
model systems and in natural systems using a combination of spectroscopic techniques
and macroscopic determination of solubility, sorption kinetics and isotherms. On the
molecular scale. novel spectroscopic techniques are being employed and established

methods are put to novel uses.



Chapter 2
PHOSPHATE SPECIATION IN MODEL SYSTEMS

2.1. Abstract

The sorption of phosphate was investigated in systems of increasing complexity
modeling the soil environment using spectroscopic (*'P-NMR and P K-edge XANES)
and macroscopic tools (sorption isotherms, kinetics and pH-envelope). Phosphate sorbs
to the gibbsite surface as binuclear, bidentate inner-sphere surface complexes and
aluminum phosphate surface precipitates between pH 4 and pH 8. 'P-NMR and P K-
edge XANES results indicate that the surface precipitates are amorphous and have a
close-range ordering similar to variscite (AIPO; - 2 H,O) and wavellite
(Al3(OH)3(POs)2 - 5 H;0). They predominate at low pH values. whereas surface

complexes dominate above pH 7.

Both surface complexes and surface precipitates remain important over reaction
times up to 100 days, indicating that both diffusion into micropores of the sorbent with
subsequent adsorption and growth of the surface precipitate can be proposed as

mechanisms for the slow phosphate sorption reaction.

Competition between phosphate and citric acid is greatest at pH 6, whereas
phosphate sorption is less affected by equimolar concentrations of citric acid at pH 4 and

pH 7. The spectroscopic results indicate that citric acid not only competes with



phosphate for sorption sites at the gibbsite surface but also reduces the formation of the

surface precipitate with a structure similar to variscite.

Calcium and phosphate exhibit cooperative sorption to the gibbsite surface in
suspensions that are undersaturated with respect to apatite. i.e. phosphate sorption
increases in the presence of calcium, and the calcium sorption pH envelope is extended to
lower pH values in the presence of phosphate. However, no spectroscopic evidence
exists for calcium phosphate surface precipitates or ternary complexes of calcium with
surface-bound phosphate. This synergistic sorption behavior can be explained with a
more negative surface charge of the phosphated gibbsite surface and thus reduced
electrostatic repulsion, which allows more calcium adsorption. Adsorption of calcium, in

turn, reduces the negative surface charge, allowing more phosphate to adsorb.

The suspensions containing both gibbsite and calcite as sorbents, on the other
hand, are oversaturated with respect to solid calcium phosphate phases. The ' P_NMR-
spectroscopic results therefore indicated the presence of both a calcium phosphate surface
precipitate at the calcite surface and bidentate, binuclear surface complexes at the
gibbsite surface. No aluminum phosphate surface precipitates were observed. The
downfield shift of the peak assigned to the phosphate surface complexes furthermore

indicated a stabilization of the surface complexes as ternary complexes.

These results are important in laying a foundation for spectroscopic investigations
of soil samples and other complex sample matrices. Although aluminum minerals are of
less importance in the soil environment as sorbents for phosphate than iron minerals,

sorption reactions with both sorbents are similar. The information about phosphate



speciation in the model systems is therefore applicable to phosphate speciation in slightly
acid to acid soils. limed soils, and neutral to alkaline soils that contain aluminum and iron

hydroxide phases.



2.2. Literature Review
2.2.1. Spectroscopic investigations of the influence of pH and time on the binary

system phosphate/ gibbsite

Phosphorus is retained by aluminum and iron minerals in slightly acid to acid
soils. The two mechanisms involved differ in time-scale, over which they take place. and
the stability of the products formed. The initial fast reaction appears to be related to an
exchange of a surface hydroxyl group for a phosphate ion, leading to the formation of a
surface complex (Parfitt, 1978; Sparks, 1995; Sposito. 1984, 1989). The Constant
Capacitance Model (Goldberg, 1992; Goldberg and Sposito, 1984a, b) and the Triple
Layer Model (Goldberg, 1992; He et al., 1997) describe the changes in adsorption with
changing pH, ionic strength and phosphate concentration well. However, the precise
nature of these complexes has not been proven, since compliance of the macroscopic
sorption data with a model assuming the formation of certain complexes does not reveal

structural information on a molecular level.

Different variations of Fourier Transform Infrared Spectroscopy (FTIR) sensitive
for species at the solid-solution interface have been applied to determine the structure of
phosphate surface complexes on soil minerals. The formation of a monodentate.
nonbridging surface complex was determined from diffuse reflectance FTIR
spectroscopy (Laiti et al., 1996, 1998; Persson et al., 1996). Changes in the spectra with
increasing pH were attributed to decreasing protonation of the surface-bound phosphate
anions. An in-situ ATR-FTIR study of phosphate sorption to hydrous ferric oxide (Arai

and Sparks, 2001), however, proposed a mixture of monodentate and bidentate inner-
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sphere surface complexes with various degrees of protonation depending on the pH of the
suspension, of which only the bidentate complexes could be confirmed unambiguously,

mainly due to limitations of the method.

Furthermore, evidence was presented, that at higher phosphate concentrations and
longer reaction times a new solid phase is formed at the surface (Laiti et al., 1996, 1998;
Nanzyo, 1984, 1986). It has been hypothesized. that the metal hydroxide surface
weathers and that the released metal ions reprecipitate to form metal phosphates. This is
in agreement with thermodynamic predictions that the aluminum and iron phosphates in
these systems are more stable than the hydroxides (Lindsay, 1979: Stumm and Morgan,

1996).

The formation of amorphous metal phosphates has been suggested as the
mechanism of the second, slow sorption reaction. This reaction takes place over a longer
time than the ligand exchange reaction and may be the cause for the increasing stability
of the sorption products with time, which has been reported by Barrow (Barrow, 1983b).
The slow diffusion of phosphate into the mineral or through a surface coating of metal
phosphate has alternatively been suggested (Barrow, 1983a, b, 1984; Bolan et al., 1985;
van Riemsdijk et al., 1984), and could not be excluded as a possible mechanism for the
slow phosphate sorption. The fact that the products of these reactions have only short-
range ordering prevents the application of X-ray diffraction, the most commonly used
method to identify mineral components in soils. A very recent study by Arai and Sparks
(2002, unpublished data) has placed in doubt the theory of the precipitate formation by

showing very clearly using P K-edge X-ray Absorption Near Edge Spectroscopy
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(XANES) that no crystalline metal phosphate phase is formed during the sorption of

phosphate to soils and hydrous ferric oxide.

However, evidence was presented in support of the formation of a surface
precipitate on goethite upon phosphate sorption by Li and Stanforth (2000) and Ler and
Stanforth (2003) from an investigation of the ?-potential of goethite particles during
phosphate sorption and co-sorption of phosphate and iron or lead. Particularly the slow
increase of the ?-potential over time lead to the conclusion that iron dissolves from the
goethite crystal and re-adsorbs to the phosphated surface, forming ternary surface

complexes that slowly transform into a surface precipitate.

The mechanisms of the initial fast reaction involved in the fixation of phosphate
to aluminum and iron minerals in soils is thus not completely understood, while the
mechanism of the slow consecutive sorption reaction and the structure of the products

formed is still elusive.

Magic-angle-spinning Nuclear Magnetic Resonance (MAS NMR) Spectroscopy,
a powerful technique to determine structures of materials, which have short-range, but no
long-range ordering, has been employed to investigate the sorption reaction of phosphate
to soils and to discrete soil minerals, mainly aluminum hydroxides. Lookman and
coworkers (1996, 1997) identified phosphate species associated with aluminum and
calcium in soils. Bleam et al. (1991) used cross-polarization magic-angle-spinning (CP-
MAS) NMR experiments to discriminate protonated from deprotonated phosphate

species attached to the mineral surface and distinguish between sorbed species and



phosphate incorporated into a surface precipitate. Unambiguous spectral assignment and

identification of species was however not possible.

The CP-MAS NMR pulse sequence transfers magnetization from an abundant
nucleus such as the proton to a dilute nucleus, thereby selectively enhancing its signal
compared to the classical MAS-NMR experiment (Hartmann and Hahn, 1962; Pines et al.,
1973). This improves resolution and signal to noise ratio as well as aiding spectral

assignment.

In an investigation of phosphate sorption to amorphous aluminum hydroxide
(Lookman et al., 1994), 3'p_.MAS-NMR did not provide precise information because the
peaks due to the diverse chemical environments of P were unresolved. The 2’ AI-MAS-
NMR spectra, on the other hand, showed distinct peaks for the three different
coordination polyhedra of aluminum in synthetic amorphous aluminum phosphate and in
amorphous aluminum hydroxide reacted with phosphate. The formation of aluminum
phosphate minerals, which had been characterized by solid state NMR, was not observed
(Bleam et al., 1989a, b). Amorphous aluminum-phosphate, however, could be detected
after reacting amorphous aluminum hydroxide with phosphate (Lookman et al., 1994).
From these findings, the phosphate promoted weathering of the hydroxide was proposed
as a mechanism to describe phosphate sorption to amorphous aluminum hydroxides at

high phosphate concentrations.

Other studies using solid state MAS-NMR were only able to assign qualitatively
the phosphate present in fertilized soils or soils amended with bio-solids to different P-

pools characterized by their ease of desorption (Hinedi and Chang, 1989; Hinedi et al.,
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19892, b: Leinweber et al., 1997). Due to the heterogeneity of soils and the presence of a
range of different environments of the NMR-sensitive nuclei the spectra are not easy to
interpret (Lookman et al., 1997). Conducting NMR spectroscopy with soil samples
suffers further from the presence of paramagnetic cations, such as Fe and Mn. When
close to the P nucleus their influence on the local magnetic field accelerates the relaxation
of the P magnetization, broadening the resonance signal beyond detection (Blumberg,
1960: Lookman et al.. 1997; Smermik and Oades, 2002; Wilson, 1987). Consequently.
removing these metals from soil samples prior to the experiments is important but may
change the amount of Al present and the speciation of phosphate associated with Al as

well.

McDowell and coworkers (2002) used MAS ' p_NMR with and without cross-
polarization to investigate P-species in soil samples before and after extraction of labile
P-species with 0.01 M CaCl, or DI H,O. They identified several phosphate phases
associated with Ca and Al, including the aluminum phosphate minerals berlinite (-25
ppm). variscite (-19 ppm) and wavellite (-13 to -11 ppm), and the calcium phosphate
minerals monetite (-2 ppm), octacalcium phosphate (3.4 ppm). hydroxyapatite and
amorphous calcium phosphate (3.0 ppm), of which the last two are indistinguishable from
each other. This assignment was, however, only based on literature values of chemical
shifts of the minerals, completely disregarding the possible formation of surface
complexes, and without discussion on whether the proposed mineral phases could have

formed under these conditions.
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Al and P MAS NMR have been used successfully in the investigation of the
structures of amorphous materials. namely aluminum-phosphate glasses. molecular sieves
and alumina catalyst precursors (Fernandez and Amoureux, 1995; Fernandez et al., 1996;
Fyfe et al.. 1995; Kraus et al., 1993; Rong et al., 1998; Schaller et al., 1999; van Ecketal.,
1995). New methods, which have been developed recently, are especially suited for this
purpose. The weak heteronuclear dipolar coupling of nuclei in close contact to each
other can be detected by the techniques Rotational Echo Double Resonance (REDOR)
and Transfer of Population in Dcuble Resonance (TRAPDOR). The first method
(REDOR) has been developed to investigate the usually very weak "N-'>C heteronuclear
coupling in amino-acid crystals and has been used to measure inter-atomic distances
(Gullion and Schaefer, 1989a, b). The latter method (TRAPDOR) is an application to
quadrupolar nuclei. Both can be used to detect pairs of aluminum and phosphorus atoms
not farther apart than 500 pm (5 A) (van Eck et al., 1995). Combining this information
with the chemical shift of the aluminum nucleus reveals the coordination polyhedron of
aluminum phosphate. A combination of both methods revealed the formation of
aluminum phosphate on the surface of y-alumina, which had been impregnated with

phosphate at elevated temperatures (Fyfe et al., 1993; van Eck et al., 1995).

The above two methods, have been shown to reveal valuable structural
information in a system very similar to those involved in the retention of phosphate in
acid to neutral soils. They are expected to give better insight into the coordination
geometries of aluminum and phosphate in samples of common soil minerals reacted with

phosphate or more heterogeneous systems. It should be possible to distinguish between
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phosphate adsorbed to external or internal surfaces and phosphate in a bulk aluminum
phosphate precipitate by direct comparison with synthetic aluminum phosphate and with
materials only briefly reacted with phosphate. in which the phosphate should be
predominately present as surface complexes. Due to the unfavorable influence of
paramagnetic cations on the spectral quality, sorption experiments will be conducted
using the aluminum hydroxide mineral gibbsite. This is only present as a distinct phase
in the clay fraction of highly weathered tropical soils, but it is structurally analogous to
the ubiquitous amorphous AI(OH); coatings and easier to characterize. The number of
different surface complexes will be therefore limited, simplifying the interpretation of the

spectra.

2.2.2. Investigation of P reactions and speciation in the ternary system phosphate/

citrate/ gibbsite

In general, the introduction of organic acids into the sorption reaction of
phosphate to soil minerals complicates the system by creating more reaction pathways:
being anions, phosphate and organic acids can compete for surface sites. This has been
shown for phosphate sorption to goethite and gibbsite in the presence of simple anions
such as citric acid (Geelhoed et al., 1998, 1999), o-phthalate (Nilsson et al., 1996), and
humic acids (Sibanda and Young, 1986). It is however not known whether they generally
adsorb to the same sites or whether they prefer different sites. Surface complexation
modeling of the competitive adsorption of phosphate and citrate on goethite proposed
inner-sphere complexes for both anions and ligand exchange with the same surface

hydroxyls (Geelhoed et al., 1998). The model described the experimental data well.
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Besides competition, organic acids can influence the sorption reaction by ligand-
promoted dissolution of the mineral surface or of hydrolyzed Al or Fe-polymers on the
surface (Traina et al., 1986). This causes higher concentrations of metal species in
solution, primarily as metal complexes with the organic acid and phosphate. and an

alteration of the surface.

Alteration of the surface occurs during ligand-promoted dissolution. Adsorption
of the organic acid and formation of a surface complex is usually considered the initial
step of dissolution, followed by detachment of the metal-complex (Stumm, 1986, 1997).
The detachment of the metal complex is faster at kinks and edges of the mineral surface,
because less metal-oxygen bonds have to be broken. These surface inhomogeneities will
therefore dissolve faster. Amorphous aluminum hydroxide fragments, which provide a
large part of the surface area when present in the material, are also likely to be
predominantly dissolved. =~ Whether or not ligand-promoted dissolution influences

phosphate sorption by reducing the reactive surface sites, has not yet been established.
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2.2.3. Investigation of P reactions and speciation in the ternary system phosphate/

calciuny/ gibbsite

Other than with introducing organic acids into the sorption reaction, the phosphate
anion does only compete to a minor extent for sorption sites with the calcium cation in
the ternary system phosphate/calcium/gibbsite. In this ternary system the sorbent gibbsite
primarily competes with calcium for the phosphate anion. Three possible reaction
pathways can be proposed: a) calcium forms a calcium phosphate surface precipitate; b)
calcium rather adsorbs to the phosphate inner-sphere complexes on the gibbsite surface,
forming a ternary complex; c) calcium adsorbs as outer-sphere complexes on the
phosphated gibbsite surface. The adsorbed phosphate anions decrease the surface charge,
thus lowering the PZC and generally facilitating cation adsorption at lower pH values. It
is not verified whether cations are preferentially attracted by localized surface charge in
the phosphate inner-sphere complexes (forming ternary outer-sphere complexes). or
whether the increase in negative surface charge is delocalized over the whole surface and
cation-adsorption is more evenly distributed over the surface. For simulations employing
the charge-distribution, multi-site complexation (CD-MUSIC) model, a delocalization of
the charge is usually assumed. Evidence for changes in the electronic structure of iron
oxide sorbents upon sorption of anions was presented using X-ray photoelectron
spectroscopy (XPS) (Ding et al., 2000), but it is debatable whether these findings are

applicable to gibbsite.

A recent study of the interaction between phosphate and Ca at the goethite surface

by Rietra et al. (2001) showed that more Ca is adsorbed at pH values below the PZC of

18



goethite in the presence of phosphate than it is in its absence, while more phosphate is
adsorbed at pH values above the PZC in the presence of Ca. Although the concentrations
of phosphate and calcium were kept below the solubility limit for apatite, the formation
of a surface precipitate could not be excluded because of the possibility of surface-
induced reactions. The overall results showed, however, that Ca and PO, adsorption to
goethite could be modeled sufficiently well using affinity constants adapted from the
single-ion sorption experiments in the CD-MUSIC model. No ternary complexes or
surface precipitates had to be introduced into the electrostatic model. Similarly, Cd and
PO, showed cooperative sorption behavior on goethite (Venema et al., 1997) and hydrous
ferric oxide (Kuo and McNeal, 1984), which was modeled using simple electrostatic

models without the introduction of ternary complexes.
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2.2.4. Investigation of phosphate speciation in the ternary system phosphate/

gibbsite/ calcite

As mentioned in the introduction, phosphate sorption in calcareous soils is not
limited to the precipitation of calcium phosphate phases, but can even be dominated by
sorption to Fe (oxy)hydroxide coatings on mineral grains (Castro and Torrent, 1998;
Delgado and Torrent, 2000; Hamad et al., 1992). The sorption reaction of phosphate to
calcite has been extensively investigated using both macroscopic (Griffin and Jurinak,
1973, 1974; Kuo and Lotse, 1972; Millero et al.. 2001: Parfitt, 1978; Tunesi et al., 1999)
and spectroscopic methods (Hinedi et al., 1992). It has been established that phosphate
sorption proceeds in three steps: 1) adsorption of phosphate to the calcite surface
accompanied by the heterogeneous formation of nuclei of amorphous calcium phosphate;
2) a slow transformation of these nuclei to crystalline apatite; 3) crystal growth of apatite.
Using solid-state 'H and *'P NMR spectroscopy. Hinedi and coworkers (1992)
determined that the solid calcium phosphate phase formed at the surface is a carbonate

apatite.

Although phosphate sorption in binary systems has been extensively studied, no
detailed information is available on the species that are formed when calcite and gibbsite

compete for phosphate.



2.3. Objectives

Despite decades of research about phosphate reactions in soils and related systems,
a true understanding of the influence of the reaction conditions (time, pH, concentrations
of phosphate and competing anions or cations) on the phosphate speciation is still lacking.

The objectives of the research presented here are therefore to:

a. Investigate the influence of reaction conditions on the phosphate
speciation at the gibbsite surface in model systems of increasing complexity. The
reaction parameters chosen for investigation are: pH, time. concentrations of
phosphate, citric acid (chosen as a competing anion). and calcium (chosen as a co-

adsorbing cation);

b. Investigate the phosphate speciation in a2 model system containing gibbsite

and calcite as competing sorbents;

C. Employ P K-edge XANES and solid-state 3P_.NMR spectroscopy as
molecular tools in combination with the macroscopic determination of sorption

isotherms, sorption kinetics and sorption envelopes.



2.4. Materials and Methods

2.4.1. Sample Preparation

Calcite was purchased from Fisher Scientific (Fair Lawn, NJ) and used as
received. Gibbsite was prepared following a method published by Hiemstra et al. (1999).
A 1 M AIC]; solution was slowly titrated to pH 4.6 with 4 N NaOH and allowed to settle
over night. The colorless gel was dialyzed against DI water at 50 °C for 30 d. An aliquot
of the suspension was then freeze-dried and characterized by FTIR. XRD. and TGA.
XRD and FTIR confirmed that the material as crystalline gibbsite. The TGA spectrum
showed a single peak at 215 °C, indicating the loss of structural water and transformation
to ALO;. The BET surface area was determined to be 40 ng". The point of zero salt
effect (PZSE). which is equal to the point of zero charge (PZC) in the absence of
specifically adsorbing ions (Parker et al., 1979; Sposito, 1981), was determined to be 10.5

by potentiometric titration.

Samples of phosphate sorbed to gibbsite were prepared by first equilibrating a
gibbsite suspension in a background electrolyte at the desired pH. Suspension densities
between 1.0 and 2.5 g/L and pH values between pH 4 and pH 8 were chosen for most
sorption samples. To maintain an approximately constant ionic strength over the course
of the reaction, a background electrolyte of 0.1 M NaCl was chosen. Both Na and CI
interact only weakly with the gibbsite surface and are easily replaced by phosphate,
calcium or organic acids. To the pre-equilibrated suspension an appropriate volume of a
phosphate stock solution (0.1 — 0.15 M) was added at approximately the same pH value

to avoid any changes of the gibbsite surface due to a rapid change in pH. For sorption
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experiments in the presence of citric acid and calcium, an appropriate volume of either
citric acid or CaCl» stock solution was also added. The order of addition was varied by
either adding phosphate or citric acid first, or both simultaneously in a mixture of the
appropriate volumes of phosphate and citric acid stock solutions. The time between the
consecutive addition steps of calcium was chosen to be one hour because after this time
the initial fast sorption reaction would be mostly over. In the case of Ca, the reagents had
to be added in intervals of 30 s for “simultaneous” addition to allow for complete mixing

and to avoid local supersaturation.

The pH of the reaction was maintained constant, first by means of an automated
titrator (Radiometer, Copenhagen/ Denmark, or Metrohm, Switzerland) and later by
adding small quantities of dilute (0.1 N or 0.01 N) HCI or NaOH as appropriate. Mixing
was conducted using a magnetic stirrer (300 rpm) or a rotary shaker (120 rpm). After
reaction times between 10 min and 90 d, the solids were recovered by centrifugation
using a standardized procedure of 10.000 rpm and 10 min. They were washed once with
either deionized water or ethanol to remove entrained phosphate solution and effectively
stop the sorption reaction, and then freeze-dried. Ethanol was used to avoid desorption
of phosphate from the surface. Preliminary experiments have shown that filtration of the
gibbsite suspension is not possible in batches larger than 10 ml due to the small particle
size necessary to achieve the high surface area. The small particle size leads to clogging

of the filter paper, making it impossible to recover the solid samples by filtration.

The supernatant was filtered through 0.2 um Supor® filter paper (Gelman

Laboratories, Ann Arbor, MI) to minimize interference from colloidal material in the
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determination of solution concentrations (Anderson et al., 1996).  Phosphorus
concentrations were measured using a variation of the colorimetric method described by
Murphy and Riley (1962) that was developed to avoid interference from the organic acids
present in some samples (He et al., 1998). Al and Ca concentrations were determined
using Inductively Coupled Plasma Atomic Absorption Spectroscopy (ICP-AAS). Citric
acid concentrations were determined by High Performance Liquid Chromatography

(HPLC).

Samples of phosphate sorbed to either calcite or a mixture of calcite and gibbsite
were prepared in a similar manner using 5 g/L calcite and 2.5 g/L of each calcite and
gibbsite, respectively, in a background electrolyte of 0.1 M NaCl. The sorption reactions
were conducted at pH 8 for 48 h in the binary system and pH 7. 8 and 9 for 24 h in the
ternary system. The reaction times were chosen in accordance with the common practice
reported in the literature to conduct sorption reactions for 24 h. Initial phosphate

concentrations of 0.48 mM and 1.2 mM were used.

The amount of phosphate, calcium or citrate sorbed to the surface was calculated
by mass balance (Sparks, 1995) and normalized to the surface area to account for

different specific surface areas of different gibbsite preparations.

Reference phosphate compounds were purchased and analyzed for comparison.
CaHPO, and Cas(PO4);OH were purchased from Fisher Scientific (Fair Lawn, NIJ).
Calcium phytate and sodium phytate were purchased from Aldrich. Mineral samples of

Wavellite (Al30H3(PO4)2 - H20) and Variscite (AIPO; - 2H,0) were provided by the



Excalibur Mineral Company. Reagents were prepared from analytical grade chemicals,

that were used as received without further purification, and deionized water (>16 MQ).

2.4.2. Macroscopic experiments

The kinetics of sorption, sorption isotherms and pH envelopes were determined in
batch experiments following a similar procedure as the preparation of sorption samples.
For kinetic measurements. the suspension was equilibrated at the desired pH for at least
24 hrs and then spiked with the reagent solution, either phosphate alone or phosphate

together with citrate.

The pH of the reaction was maintained constant, first by means of an automated
titrator (Radiometer, Copenhagen/ Denmark. or Metrohm, Switzerland) and later by
adding small quantities of dilute HCl or NaOH as appropriate. Mixing was effected
using a magnetic stirrer (300 rpm) over the first ten hours and afterwards using a rotary
shaker (120 rpm). Sample volumes of 10 ml were withdrawn from the vessel in
increasing intervals by means of a pipette and immediately filtered through 0.2 um
Supor® filter paper (Gelman Laboratories, Ann Arbor, MI) and stored below 4 °C until

analysis for phosphate, Al, and citric acid.

Sorption isotherms and pH envelopes were determined in a similar fashion using

small batches with individually chosen sets of pH and concentrations of reagents.

All reactions involving Ca or pH values above pH 7 were conducted in a nitrogen-
filled glove box to minimize the influence of dissolved carbon dioxide and competing

reactions with carbonate. The carbonate anion is present in all natural systems and ought



to be taken into account for the assessment of phosphate sorption reactions at high pH

values or in the presence of Ca, but was omitted here for simplicity.
2.4.3. NMR experiments

All NMR experiments were conducted at the Environmental Molecular Science
Laboratory, which is part of the Pacific Northwest National Laboratory in Richland,

Washington.

Solid-state >'P-NMR spectra were recorded on a Chemagnetics CMX Infinity
spectrometer with an Oxford 300 MHz wide-bore magnet operating at a magnetic field of
7.04 Tesla, corresponding to resonance frequencies of 78.16 MHz for 2AlL 121.4 MHz
for >'P and 299.9 MHz for 'H. To afford uniform distribution and homogeneous spinning
of the rotor in the MAS probe, dried and ground samples were used. Spinning speeds

were maintained constant at values from 7 to 10 kHz = 5 Hz.

CP-MAS experiments used a proton p/2-pulse of 3.5 s, a contact time of 1.3 ms
and a pulse delay of 2 s. Depending on the P concentration, 2000 to 4000 scans were
accumulated to give a signal to noise ratio of at least 30 : 1. Single-pulse, proton-
decoupled spectra were recorded using a 3'p p/2-pulse of 3.7 s and a relaxation delay of

60 s. For these experiments up to 512 scans were accumulated.

The spectra were processed using the NUTS NMR utility transform software by
Acomn NMR. A line broadening of 50 — 100 Hz was applied prior to Fourier
Transformation and phase correction. The complex signals were deconvoluted using a

minimal set of peaks. The quality of the fit increased when Lorentzian peaks for narrow



peaks and Gaussian peaks for broad peaks were used. No other constraints were
employed. Isotropic chemical shifts are all reported in parts per million (ppm) relative to
the signal of 85% H3;PO;, as an external reference; positive values correspond to low-field
or high-frequency shifts.

2.4.4. XANES experiments

All XANES spectroscopic studies were conducted at beamline X19-A of the
National Synchrotron Light Source at Brookhaven National Laboratory in Upton NY.
Samples were covered with a thin mylar film and placed inside a helium-purged sample
compartment. A solid state PIPS detector collected spectra in fluorescence mode.
Reference spectra were collected of samples with a known structure and compared to the
sorption samples. XANES spectra were collected from 10 eV below the P K-edge until
50 eV beyond the edge, which encompasses the near edge region. Limitations of the
beamline prohibited going further below the P edge, making background subtraction
sometimes a challenge for more dilute samples. Multiple scans of each sample were
collected and averaged together to improve the signal to noise ratio. Data reduction was
done with WinXAS 2.1. The background was removed with a linear fit, and the spectra
were all normalized to the energy of the absorption edge, which is defined as the

inflection point.
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2.5. Results and Discussion
2.5.1. Influence of pH and time on the phosphate speciation at the gibbsite-water

interface

Preliminary NMR-experiments of the sorption samples showed no differences
between the single-pulse MAS and the CP-MAS NMR spectra, neither in resolution nor
in the distribution of peak-intensities. In order to take full advantage of the shorter
repetition time of the CP-MAS experiments, no further single-pulse experiments were

conducted.

2.5.1.1. pH effects
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Figure 1. pH dependence of the CP-MAS NMR spectra of phosphate sorbed to gibbsite.



Figure 1 shows the CP-MAS NMR spectra of phosphate sorbed to gibbsite at pH
values from 4 through 8. A minimum of three overlapping peaks can be discerned at
chemical shifts d?=-5+ 1 ppm, d> =-13 = 1 ppm and d;3 = -20 £ I ppm. Even without
deconvolution, an increase of the relative intensity of peak 1 and a concomitant decrease
of the relative intensity of peaks 2 and 3 with increasing pH can be seen. The
deconvolution of the samples taken at pH 4. 6 and 8 is illustrated in Figure 2 a through c,
respectively. The deconvolution results are summarized in Table 1 and plotted against
the pH in Figure 3. The intensities of Peaks 2 and 3 decrease linearly with pH relative to
peak 1, suggesting a change in the surface-species with pH. Apparently, peak 1

dominates the NMR spectra above pH 7, while at lower pH values peaks 2 and 3 gain

importance.
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Figure 2a. Deconvolution of the CP-MAS spectrum of
phosphate sorbed to gibbsite at pH 4, 24 hrs.
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Figure 2b. Deconvolution of the CP-MAS spectrum of
phosphate sorbed to gibbsite at pH 6, 24 hrs.
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Figure 2c. Deconvolution of the CP-MAS spectrum of
phosphate sorbed to gibbsite at pH 8, 24 hrs.
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Table 1. Deconvolution results for the CP-MAS spectra of Figure 1. The error margins
are = 1 ppm and + 10 %. respectively.

pH Chemical Shift (ppm) Relative Intensity
-6.0 1.0
8 -13.6 0.6
-204 0.3
-5.5 1.0
7 -135 1.6
-20.8 1.1
-3.8 1.0
6 -133 35
212 1.8
-3.6 1.0
5 -113 1.6
-20.8 2.1
-34 1.0
4 -11.7 5.5
-21.2 49
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Figure 3. Relative intensities of the peaks at -5 ppm, -13 ppm and -20 ppm. The error
margins for the chemical shifts and the relative intensities are + 1 ppm and + 10 %,
respectively.



While the positions of peaks 2 and 3 remain constant within the margins of error,
peak 1 shows a slight pH-dependence (Figure 4), indicating that this species is protonated.
The chemical shift trend of this species, however, is opposite to the expected trend (Cody
et al.. 2001). A protonated phosphate species on the surface is expected to be
increasingly deprotonated with increasing pH value, resulting in a downfield shift (shift
to more positive chemical shift values). The observed behavior cannot be explained at

this point, but remains within the margin of error and is therefore insignificant.

Chemical Shift (ppm)
&

Figure 4. Correlation of the chemical shift of peak 1 with pH.

Bleam and coworkers (1991) conducted a 3Ip_.NMR investigation of the
phosphate sorption reaction to the boehmite (y-AIOOH) surface in suspension. They
found two pH-dependent NMR peaks (referred to in their discussion A and B, ds =-10
ppm to 1 ppm, dg = 0 ppm to 3 ppm), of which they assigned peak A to an inner-sphere
surface complex. Due to a lack of positive evidence, they were hesitant to decide

whether peak B could be assigned to a surface complex or a surface precipitate. Both
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species exhibit the expected pH-dependence, i.e. the chemical shift increases to more
positive values with increasing pH value. Bleam and coworkers (1991) argued that the
two species can not differ by the number of protons attached to the phosphate molecule.
because proton exchange with water molecules and hydroxyl groups at the surface is
rapid, and the lifetime of differently protonated species is short on the time scale of the
NMR experiment. Surface-bound phosphate molecules differing in the number of

protons attached therefore give rise to only one NMR signal.

Since the chemical shift of phosphorus decreases to more negative values with an
increasing number of aluminum atoms bound to the phosphate unit (Cody et al., 2001),
the two species observed by Bleam et al. (1991) are necessarily bound to different
numbers of aluminum atoms. Peak A could therefore be assigned to a binuclear bidentate
complex and peak B to a mononuclear, monodentate complex, but no positive evidence
exists for this assignment. Under the assumption that this assignment is valid, however,
peak 1 (d, =-3.5 to -6 ppm) in Figure 1 can be assigned to a bidentate, binuclear surface
complex of phosphate on the gibbsite surface, because it appears in the same chemical
shift region as peak A observed by Bleam et al. (1991). This also implies that no

mononuclear monodentate surface complexes are formed on the gibbsite surface.

Boehmite (y-AIOOH) and gibbsite (AI(OH)3) both have a layered structure. In
gibbsite, the layer surfaces contain exclusively double-coordinated hydroxyl-groups and
the layer-edges single-coordinated hydroxyl-groups (Saalfeld and Wedde, 1974). Parfitt
(1978) reports that only the layer edges of gibbsite are reactive toward phosphate, while

the predominating (001) plane is unreactive. Investigation of the boehmite structure
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(Christoph et al., 1979) reveals that, similar to gibbsite, singly-coordinated hydroxyl-
groups are located exclusively at the layer-edges in the direction of the crystallographic
a- and c-axis. Reactivity towards phosphate is therefore only expected for the layer-

edges.

The formation of a monodentate surface complex requires only one singly-
coordinated hydroxyl-group and is therefore expected to form readily at the layer-edges
of boehmite and gibbsite. The formation of a bidentate. binuclear surface complex
requires two singly-coordinated hydroxyl groups in the proper distance to each other.
The apical hydroxyl-groups of two comer-sharing Al(O,OH)s-octahedra in gibbsite and
boehmite are located 298 pm and 288 pm from each other, respectively. Gibbsite
furthermore has singly-coordinated hydroxyl-groups in neighboring layers at a distance
of 302 pm. In the aluminum phosphate minerals variscite (Kniep et al., 1977) and
wavellite (Araki and Zoltai, 1968), the phosphate tetrahedra are only slightly distorted
with edge lengths of 248 — 253 pm. The formation of a bidentate, binuclear surface
complex requires therefore the distortion of the phosphate tetrahedron and the widening
of the O-P-O angle. The formation of a mononuclear bidentate surface complex is
geometrically more favorable, because the aluminum octahedra in gibbsite and boehmite
have edge-lengths in the range of 203 pm - 280 pm. An interconnection of aluminum
octahedra and phosphate tetrahedra in this manner, however, is generally not observed in
aluminum phosphate minerals (Hawthorne, 1998) because of the strong repulsion
between the trivalent aluminum and the pentavalent phosphorus. Therefore binuclear

bidentate rather than mononuclear bidentate complexes are expected to form. In gibbsite
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they can also bridge adjacent layers, while in boehmite their formation is restricted to one

layer.

Lookman and coworkers (1994) conducted a solid-state NMR-investigation of
phosphate sorption to synthetic amorphous aluminum hydroxide dried at various
temperatures. Unlike Bleam et al. (1991), they exclusively observed broad resonances
with peak-widths at half-height of approximately 20 ppm. The peak maximum shifted
with reaction time from -6 ppm after 3 days to -10 ppm after 120 days, but never reached
that of the amorphous aluminum phosphate (d = -12 ppm) that they also investigated.
They concluded that phosphate remains adsorbed to the surface with no bulk aluminum
phosphate formed when it is sorbed to aluminum hydroxide dried at 200 °C. For sorption
reactions with aluminum hydroxide dried at 70 °C and elevated phosphate concentrations,
they proposed a phosphate-induced weathering of the aluminum hydroxide surface and
the formation of an amorphous aluminum phosphate phase. They based this conclusion
on the observation that the peak-maximum of the broad phosphate peak in the P-NMR
spectrum shifted to -11 ppm. Interestingly, phosphate is known to inhibit the proton-
promoted dissolution of mineral surfaces (Stumm, 1986, 1997) and is therefore very

unlikely to promote the weathering of the gibbsite surface.

The NMR-studies by Bleam et al. (1991) and Lookman et al. (1994), and
extensive FT-IR spectroscopic investigations of phosphate sorption to iron and aluminum
oxy-hydroxides (Arai and Sparks, 2001; Laiti et al., 1996; Nanzyo, 1984, 1986; Nanzyo
and Watanabe, 1982; Persson et al., 1996; Tejedor-Tejedor and Anderson, 1986, 1990)

remained inconclusive as to the nature of the surface complexes formed. They agree,
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however, that at elevated phosphate concentrations, over prolonged reaction times and at
low pH values, a transformation of the surface complexes to a metal phosphate occurs
(Laiti et al., 1996; Nanzyo, 1984, 1986; Nanzyo and Watanabe, 1982; Persson et al., 1996;
Tejedor-Tejedor and Anderson, 1986, 1990). The nature of this surface precipitate in the

samples investigated in this work is discussed in the following.

Chemical shifts of various aluminum phosphate solids are reported in the
literature (Bleam et al., 1989a, b; Duffy and van Loon. 1995; Hinedi et al.. 1989b).
Depending on crystallinity, water content, and degree of condensation, the phosphorus
nuclei in these solids resonate between -7 and -30 ppm. Duffy and vanLoon (1995)
reported downfield shifts for aluminum phosphate precipitates that had been calcined and
had therefore a higher degree of condensation. These findings are corroborated by
simulations of NMR spectra of aluminum phosphate glasses (Cody et al., 2001), which
indicate that phosphate peaks shift to more negative values with increasing number of
aluminum atoms bound. Furthermore, phosphorus peaks shift to more negative values
with decreasing pH. These two trends occur simultaneously and are very likely to be
indistinguishable from each other. The minerals Wavellite (Al30H3(POs): - 5 H2O,
(Araki and Zoltai, 1968)) and Variscite (AIPO; - 2 H,O, (Kniep et al., 1977)), which were
included in this study, had chemical shifts of -11 ppm and -19 pm, respectively. in
agreement with published values (Bleam et al., 1989b; Frossard et al., 1994). For
Wavellite, a chemical shift range from -11 to -13 ppm has been reported (Frossard et al.,

1994). The chemical shift of Berlinite (AIPO4) has been reported at -25 ppm (Bleam et
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al., 1989b). Bleam et al. (1989b) suggested that these three minerals form in the soil

environment.

Comparing the chemical shift values found in this study with the literature values
suggests that peak 2, which has a chemical shift of d; = - 13 £ 1 ppm, corresponds to a
surface precipitate of wavellite on gibbsite. Wavellite (Alz3(OH)3(POs)z - 5 H-O) is an
uncondensed aluminum phosphate phase. in which chains of comer-sharing aluminum
hydroxide octahedra are cross-linked by phosphate molecules. Every phosphate

molecule is bound to four aluminum cations (Araki and Zoltai, 1968).

The chemical shift of peak 3 suggests variscite (-19 ppm, (Bleam et al., 1989b))
or metavarsicite (-19.2 ppm, (Duffy and van Loon, 1995)). Variscite (AIPO; - 2 H,0O)
consists of a three-dimensional network of phosphate tetrahedra and aluminum octahedra
connected at the apices, with the two water molecules occupying two neighboring corners
of the aluminum octahedra. Every phosphate molecule in variscite is bound to four
aluminum cations, and every aluminum cation is bound to four phosphate molecules

(Kniep et al., 1977).

The main difference between wavellite and variscite is the degree of condensation
in the aluminum sub-lattice: In variscite, there are no connections between the aluminum
octahedra, whereas in wavellite the aluminum octahedra form infinite chains. It is known
that calcination transforms variscite under loss of two water molecules to the more
condensed phase berlinite (AIPO;) (Duffy and van Loon, 1995), the phosphorus nuclei of
which resonate at -24 ppm (Bleam et al., 1989b; Duffy and van Loon, 1995). Berlinite

has a quartz structure, with aluminum and phosphorus replacing silicon and both having

38



tetrahedral environments. The chemical shift varies by approximately 10 ppm from
wavellite to berlinite although the phosphate groups of all these minerals remain
coordinated to four aluminum cations. This indicates that the phosphorus chemical shift
is very sensitive to the degree of condensation in the aluminum sub-lattice, with

downfield shifts for phosphate tetrahedra bound to extended aluminum hydroxide clusters.

The broad resonance peaks, however, indicate that the samples contain no
crystalline phosphate phases, but rather poorly ordered aluminum phosphate phases with
a close range ordering similar to the crystalline phases. The P K-edge XANES spectra
can be used to further investigate the crystallinity of the surface precipitates. The P K-
edge XANES spectra of several sorption samples and the two aluminum phosphate
minerals variscite and wavellite are compared in Figure 5. The differences between the
sorption samples reacted for different times at different pH values are only subtle: They
all contain a sharp peak at the absorption edge (ca. 2.156 keV), the “white line”. and a
broad, symmetric peak at ca. 2.175 keV, the so-called “oxygen-oscillation” (Peak et al.,
2002). The long-term sorption samples further contain a weak shoulder on the low-
energy side of the oxygen-oscillation. The mineral phases, however, show characteristic
spectral features. generally more asymmetric oxygen-oscillations and an additional peak
between the white line and the oxygen oscillation. The absence of these characteristic
features indicates that no crystalline surface precipitates are formed on the gibbsite
surface. Peak 2 and 3 are therefore amorphous phases with a close range ordering similar

to wavellite and variscite, respectively.
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Figure 5. P K-edge XANES spectra of phosphate sorbed to gibbsite at pH 4 and pH 7 for
24 h. at pH 6 and pH 7 for 88 and 107 d, respectively. and the two minerals variscite and

wavellite.



2.5.1.2. Time-Effects

Figure 6 illustrates the effect of reaction time on the CP-MAS NMR spectra of
phosphate sorbed to gibbsite. The same three principal species are present, but no clear
trend is visible. In the spectrum of the sample reacted at pH 4 for 10 days. the peak
attributed to a wavellite-like surface precipitate (d; = -13 ppm) increases relative to peaks
1 and 3 (d; = -5 ppm, ds = -20 ppm), which were attributed to a surface complex and a
more variscite-like surface precipitate, respectively. This agrees with the observation by
Laiti et al. (1996, 1998) that the surface complexes transform to a surface precipitate with
increasing reaction time. Interestingly, and contrary to these observations, the peak
ascribed to surface complexes (d; = -5 ppm) in the spectrum of the sample reacted for 88
days at pH 6 increases in intensity relative to the peaks atwributed to surface precipitates
(d> = -13 ppm, d; = -20 ppm). Although the numerical values of the deconvolution
remain ambiguous, this could be indicative of slow diffusion of phosphate into micro-
pores of gibbsite or aggregates of gibbsite platelets with subsequent adsorption as a
surface complex. Both diffusion and the formation of a surface precipitate are therefore

important in the long-term reactions of phosphate with aluminum hydroxide.
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Figure 6. Effect of time on the CP-MAS NMR spectra of phosphate sorbed to gibbsite.
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In a more recent solid-state P-NMR study of phosphate species in arable soils
under long-time cultivation, McDowell et al. (2002) observed broad phosphate
resonances that could be deconvoluted into a set of peaks. The peaks found were
assigned to solid aluminum phosphate phases (wavellite, variscite, berlinite). amorphous
aluminum phosphate and “other” phosphate species associated with aluminum. The fact
that they observe similar species in soils demonstrates that they investigation of model

systems can shed light on processes in natural systems.

Two different techniques were used to prepare the samples after conclusion of the
sorption reaction. After separation by centrifugation, the solids were washed once with
either deionized water or ethanol and then freeze-dried. Removal of entrained solution is
important to avoid that non-adsorbed phosphate is forced to the surface during drying.
The washing step with ethanol was intended to minimize desorption of both phosphate
and the background electrolyte while efficiently removing entrained phosphate solution.
The sorption samples presented so far were prepared involving a washing step with
deionized water. Figure 7 and Figure 8 show the NMR spectra of sorption samples
washed with ethanol. The samples in Figure 7 and Figure 8 were reacted at pH 4 and pH
7 for 10 minutes to 30 days, respectively. Although the resonances are broad and exhibit
less detail than those in Figure 1 and Figure 6, they appear in the same chemical shift
range. Deconvolution of the signal into single peaks is ambiguous at best due to the
symmetric, Gaussian peak shape, and is therefore not performed. Symmetric, Gaussian

peaks can be deconvoluted into an arbitrary number of Gaussian peaks, according to the
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deconvolution software. The position of the peak maximum, however, can be used to

investigate trends with reaction time and pH.

pH4,30d
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pH 4,24 h
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pH 4, 10 min
1.74 mmol/g
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Figure 7. CP-MAS NMR spectra of phosphate reacted with gibbsite at pH 4 in a
background electrolyte of 0.1 M NaCl for times up to 30 days.
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Figure 8. CP-MAS NMR spectra of phosphate reacted with gibbsite at pH 7 in a
background electrolyte of 0.1 M NaCl for times up to 30 days.
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Between 10 minutes and 24 hours, the resonance peak of the samples reacted at
pH 4 remains centered at approximately -10 ppm (Figure 7). Over the next 29 days. the
maximum shifts upfield to -15 ppm. The same trend to more negative chemical shifts is
also observed for the samples reacted at pH 7 (Figure 8). The difference between the
samples reacted at pH 4 and pH 7 is that the peak maximum has more positive chemical
shifts, specifically d = -5 ppm after 10 minutes and d = -8 ppm after 30 days. These
trends are similar to the trends observed earlier in Fig. 1 and 6: The intensity of the
upfield peaks (d> = -13 ppm, d; = 20 ppm) increases with decreasing pH, while the
spectrum at high pH is dominated by the downfield peak (d; = -5 ppm). The spectra of
the samples reacted at pH 4 exhibit the same time-effect, with peak 2 dominating after

long reaction times.

The spectra of the samples washed with ethanol have signals in the same chemical
shift range and exhibit the same time and pH effects as the samples washed with
deionized water. The main difference is that the sharp peaks of the latter are now much
broader and indistinguishable from each other, which indicates a broader range of
chemical environments. While the samples washed with water have generally better
distinguishable species with some disorder in the aluminum phosphate phases (peaks 2
and 3), the samples washed with ethanol have a range of phosphate species that differ
both in degree of condensation and in the number of aluminum atoms bound to the

phosphate molecule.

Washing the samples with ethanol, and thereby reducing the dielectric constant of

the suspension could have had two effects. It could have caused the phosphate remaining
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in solution to adsorb to the surface, because phosphate is less soluble in ethanol and
ethanol-water mixtures. Reducing the dielectric constant also reduces the thickness of
the electrical double layer of the gibbsite particles in suspension (Sposito, 1984), causing
the gibbsite particles to collapse and form cross-links during drying. The effect of
changing the dielectric constant is however small compared with the effect that a change
in the ionic strength has (Sposito, 1984; Stumm and Morgan, 1996). It is therefore more
probable that forcing more phosphate molecules to adsorb to the surface caused the

increased disorder in the surface species.
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2.5.2. Influence of competing organic acids on the sorption reaction of phosphate to

the gibbsite surface.

The effect of competing polycarboxylic organic acids on the sorption of
phosphate to gibbsite was investigated using citric acid as a model compound. Organic
acids are formed in soils during the decomposition of complex organic matter and are
also exuded by plant roots or microorganisms. They play an important role in the
mobilization and acquisition of nutrients (Fe, Mn, and P) and in the detoxification of
aluminum (Jones, 1998; Jones and Darrah, 1994). Soils contain a wide variety of organic

acids, of which citric acid is one of the more common representatives (Jones, 1998).

The sorption isotherms of phosphate on gibbsite in a background electrolyte of
0.1 M NaCl and suspension density of 1.0 g/L in the presence and absence of citric acid
are shown in Figure 9. The amount of phosphate taken up from solution at pH 4 is
significantly reduced in the presence of total concentrations of 0.45 and 0.9 mM citric
acid in solution. Competition is less pronounced at pH 7. The phosphate sorption
isotherms exhibit high affinity behavior at low solution concentrations at both pH values
but no apparent sorption maximum is reached. Examination of the low concentration part
of the sorption isotherm at pH 4 reveals that sorption inhibition is more pronounced at

low solution concentrations of phosphate than at high solution concentrations.
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Figure 9. Sorption isotherms of phosphate on gibbsite (0.1 M NaCl, 1.0 g/L) at pH 4 and
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The effect of time on the sorption reaction in the presence and absence of citric
acid was investigated at pH 4, 6 and 7. Figure 10 shows that at all pH values under
investigation the initial fast sorption reaction was complete within the first hour in both
the presence and the absence of citric acid. In the presence of the competing ligand, the
sorption reaction proceeded much slower after the initial fast reaction and only at pH 4
were considerable amounts of phosphate taken up from solution. At pH 7, the amount
sorbed leveled off after 10 days, whereas at pH 4 the reaction still continued. No
comparison with the sorption reaction at pH 6 is possible because the data set included

only the first three days.
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Figure 10. Sorption kinetics of phosphate on gibbsite at pH 4, 6 and 7, in a background
electrolyte of 0.1 M NaCl with and without equal initial concentrations of citric acid. The
data set at pH 6 ends after 3 days.
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Interestingly, similar amounts of phosphate are taken up from solution at pH 4
and 7 during the first hour in the presence of citric acid, while at pH 6 much less is sorbed
in the same time frame. Apparently. citric acid competes most efficiently in this pH
range with phosphate surface sites. Geelhoed et al. (1998) observed a similar minimum
of phosphate uptake by goethite at approximately pH 5. Although both anions show
sorption maxima at and below pH 4 on gibbsite and goethite, the competition from citric
acid is greater at pH 6 and 5. respectively. Geelhoed and coworkers (1998) were able to
model this behavior using the CD-MUSIC model under the assumption that only inner-
sphere surface complexes are formed. Changes of the phosphate species at the gibbsite

surface in the presence of citric acid are examined in the following.

Figure 11 and Figure 12 compare the CP-MAS NMR spectra of phosphate on
gibbsite at pH 4 and 6. Reaction times were 24 hours at both pH values (Figure 11), and
7 days and 88 days at pH 6 and pH 4, respectively (Figure 12). In the presence of citric
acid, the intensities of peaks 1 and 3 (d; = - 4 +1 ppm, d3 =-20 1 ppm) are considerably
reduced compared with their counterparts in the absence of citric acid, whereas peak 2 (d:
=-13 +1 ppm) is more prominent; this behavior can be seen at both pH values and after
long and short reaction times. Deconvolution of the spectra further reveals an additional
peak at ds = -10 =1 ppm (Figure 13 a through d), which remains a minor species. Figure

13 also shows that peak 2 increases with time at both pH values.
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Figure 11. CP-MAS spectra of phosphate on gibbsite after a reaction time of 24 hours in
the absence and presence of citric acid. Reaction conditions: pH 4, 0.1 M NaCl, 0.9 g/L
gibbsite; pH 6, 0.01 M NaCl, 8.8 g/L gibbsite. [Ps]: concentration of phosphate sorbed
to the surface, [CA7]: total concentration of citric acid in solution.
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Figure 12. CP-MAS spectra of phosphate on gibbsite after a reaction time of 7 to 88 days
in the absence and presence of citric acid. Reaction conditions: pH 4, 0.1 M NaCl, 0.9
¢/L gibbsite; pH 6, 0.01 M NaCl, 8.0 g/L gibbsite. [Ps]: concentration of phosphate
sorbed to the surface, [CAT]: total concentration of citric acid in solution.
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Figure 13. Deconvolution of the spectra in Fig. 11 and 12. A: pH 4,24 h. B: pH 4, 10 d.

C:pH6,24h.D: pH 6,87 d.
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These spectroscopic results indicate that citric acid not only competes with
phosphate for sorption sites to form inner-sphere surface complexes (Geelhoed et al..
1998: Hiemstra and van Riemsdijk, 1999; Nilsson et al., 1996). but also inhibits the
formation of the surface precipitate with a poorly ordered variscite-type structure (d; = -
20 +1 ppm). Whether the formation of the surface precipitate with a structure similar to

wavellite is also inhibited can not be determined from Figure 11 through Figure 13 alone.

The additional peak can not be attributed to any known phosphate species with
certainty. The chemical shift indicates that the phosphate molecule is bound to several
aluminum cations, and that the aluminum cations exhibit furthermore some degree of
condensation. The fact that this species only forms in the presence of citric acid,
indicates that the latter is also part of the structure. The narrow peak indicates, however,
that this species is rather uniform with only little variation, a fact which is contradicted by
the multitude of possible structures that satisfy the conditions listed above. A peak

assignment is therefore not possible at this point.

2.5.3. Influence of calcium cations on the phosphate speciation at the gibbsite

surface

Past research has shown that the sorption of metal cations and phosphate to
variably charged soil minerals is enhanced when they are both present (Diaz-Barrientos et
al., 1990; Kuo, 1986; Kuo and McNeal, 1984; Rietra et al., 2001; Venema et al., 1997).
This interaction is important for the mobility and bioavailability of contaminants as well
as nutrients not only in limed, acid soils that receive phosphate, but also in calcareous

soils. Hamad and coworkers have shown that phosphate sorption in calcareous soils is
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dominated by interactions with surface coatings of iron hydroxides on mineral grains
(Hamad et al., 1992). However, no molecular information on the specific mechanisms of
this interaction is available. The interaction of phosphate and calcium at the gibbsite

surface was therefore investigated using *'P-NMR and P K-edge XANES spectroscopy.

The sorption edges of phosphate and calcium at the gibbsite surface are shown in
Figure 14. Because calcium adsorbs predominantly via an ion-exchange mechanism, it is
only sorbed above the PZC of gibbsite (pHpzc 10) in the absence of phosphate. The
sorption edge of calcium in the absence of phosphate is therefore not shown. The quality
of the calcium data suffers from the scattering of the solution concentrations. but it is
evident that sorption occurs above pH 7.5 in the presence of 0.6 and 1.1 mM of phosphate
in solution. The phosphate sorption envelope exhibits the shape expected for a tribasic
oxyanion (Sparks, 1995), with declining sorption as the pH approaches the PZC.

Phosphate sorption is enhanced in the presence of 0.65 mM calcium above pH 6.5.
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Figure 14. Sorption edges of Ca* and phosphate on gibbsite (2.5 g/L gibssite, 0.1 M
NaCl background electrolyte, 24 h reaction time). Pr and Car are total phosphate and
Ca** concentrations, respectively.
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A similar synergistic sorption enhancement has been found by Rietra and
coworkers (2001) in their study of phosphate and calcium sorption to goethite. The CD-
MUSIC model successfully predicted the sorption behavior of phosphate and calcium
under the assumption of only electrostatic interactions, i.e. under the exclusion of ternary
surface complexes or calcium phosphate surface precipitates. According to their model,
the reduction of positive surface charge by the adsorption of phosphate anions is
sufficient to explain the enhanced sorption of calcium below the PZC. while the reduction
of negative surface charge due to the adsorption of calcium explains the enhanced
phosphate adsorption. Similar results were obtained by Venema et al. (1997) in a study
of the interaction of cadmium and phosphate at the goethite surface. No evidence on a

molecular scale was provided by both studies to support this interpretation.

Several mechanisms of interaction of phosphate with metal cations &t the surface
of variably charged minerals are possible. 1) Indirect interaction via reduction or even
reversion of the surface charge. 2) Formation of ternary complexes as observed by
Elzinga et al. (2001) for the cooperative sorption of lead and sulfate to goethite. 3)
Formation of a metal phosphate surface precipitate. Metal phosphate surface precipitates
are easily detected by molecular spectroscopic techniques if present in sufficient amounts
due to characteristic spectral features. Ternary complexes, however, are not as easily
observed by mere fingerprinting techniques, such as NMR and XANES spectroscopy,
because the influence exerted on the phosphorus atom by a single calcium cation is
attenuated by the distance between the atoms and the oxygen atoms in the first

coordination shell.
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The MAS-NMR spectra of phosphate sorbed to gibbsite in the presence of two
different calcium concentrations are shown in Figure 15 together with the spectrum of
phosphate on gibbsite at pH 8 for comparison. The suspensions were undersaturated with
respect to hydroxyl-apatite at both calcium concentrations. The NMR spectra of
phosphate sorbed in the presence of calcium exhibit a slightly narrower line-width than
the spectrum of phosphate on gibbsite at the same pH value. Whereas the spectrum of
the binary system can be deconvoluted into the three peaks discussed earlier. the two
spectra of the terary system are dominated by peak 1 and 2 (d; = -4 ppm, d> = -13 ppm),
with only a weak shoulder showing at -20 ppm. Peak 1 is stronger than peak 2 in the
presence of calcium. No indication for the presence of amorphous calcium phosphate,
apatite or octacalcium phosphate (d = 3.0 ppm, 3.05 ppm and 3.4 ppm, respectively

(Elliott, 1994)) is detected.
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Figure 15. CP-MAS NMR spectra of phosphate sorbed to
gibbsite in the presence of Ca™ (2.5 g/L gibbsite, 0.1 M
NaCl background electrolyte, pH 8, 24 h reaction time). Pg
and Car are the amount of phosphate sorbed and the total
Ca® concentration, respectively.
The phosphate sorbed additionally in the presence of calcium is clearly adsorbed

as inner-sphere surface complexes, possibly as binuclear, bidentate complexes. This

agrees with the results of Rietra et al. (2001) and Venema et al. (1997). Furthermore, the
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presence of calcium seems to stabilize the surface complexes and prevent them from

transforming into an aluminum phosphate surface precipitate.

XANES spectra of phosphate sorbed to gibbsite in the presence of calcium were
also collected. Figure 16 compares the XANES spectra of phosphate on gibbsite at two
different ratios of total phosphate to calcium concentration with the spectra of phosphate
on gibbsite alone and a calcium phosphate standard. None of the spectral features of
calcium phosphate are detected in the spectra of the ternary systems, which closely
resemble the spectrum of phosphate on gibbsite alone. Figure 17 compares the XANES
spectra of phosphate sorbed to gibbsite in the presence of calcium at different orders of
addition of the reagents. No differences are observed between the spectra, which again
closely resemble those of phosphate on gibbsite alone. Clearly no calcium phosphate

surface precipitates are formed.
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Figure 16. P K-edge XANES spectra of phosphate sorbed
to gibbsite in the presence of Ca® (2.5 g/L gibbsite, 0.1 M
NaCl background electrolyte, PH 8, 24 h reaction time). Pg
and Car are the amount of phosphate sorbed and the total
Ca®™ concentration. respectively.
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