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of P outputs, especially to surface waters.

It is important to consider that the soil P losses are merely exacerbated by human
agricultural activity. Within isolated natural systems devoid of anthropogenic
influence, soil phosphorus losses still occur, but they are balanced by returning P
inputs. This forms an approximate equilibrium, where the total P in soil remains

relatively stable.

2.2.3 PHOSPHORUS STATES IN SOILS

When studying phosphate adsorption, it is important to consider that the aqueous
orthophosphate ion exhibits a stepwise equilibrium involving four different species,
dependent upon the solution pH (see Fig 3). At a pH of 4-5.5, where the pH values of
the soil sample suspensions investigated in this project lie, H,PO4is the dominant
species in solution and is associated with a molar proton to P ratio of 2.0 : 1. As the pH
increases HPO,> and eventually PO,> become important in adsorption H:P

stoichiometry, however this is only relevant to the investigation of alkaline soils.
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Figure 3: left) pH dependent speciation of orthophosphate in solution, y axis indicates relative activity (Krasicka-
Cydzik 2012), right) phosphate equilibrium constants at STP (Tan 2000)

The phosphate equilibrium system also acts as a buffer of pH, shifting the degree of

protonation to resist changes in acidity through consuming or releasing protons
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following Le Chatelier’s Principle (vanLoon and Duffy 2010). In natural water bodies,
the aqueous concentration of phosphate (5-100 pg.L” Total P) (vanLoon and Duffy
2010) is generally too low for this buffering capacity to be significant. However, the
initial P concentrations used in the H*:P coadsorption study were approximately 1000
times greater. The impact of this buffering is highly relevant to the pH measurements
undertaken, and is discussed in the method development (see section 3.3.1) of this

thesis.

2.3 FURTHER SOIL PH INFLUENCES

2.3.1 THE CARBONATE SYSTEM

Soil suspension pH responses can also be affected by the buffering of the carbonate
system, which will always be present in solutions allowed to equilibrate in air under
normal atmospheric conditions. This is due to the dissolution of aqueous CO; from the
atmosphere. Once in solution, stepwise equilibria can produce two species (HCO5; and
H,CO;) which potentially interfere with free H® and thus soil suspension pH

measurements (see below) (Reid et al 1987).

COx(aq) = COy(g) (solubility 0.88 cm® CO,.g™* water, at partial pressure for CO, of 1 bar abs) (PED 1978)
COs(aq) + H20() = HyCO30aq) (K= 1.3 x 107%)

H2CO3aq) = HCO3 (aq) + H'(ag)(Ka1 = 2.00 x 10'4)

HCO3(aq) — CO32-(aq) + H+(aq) (Ka2 = 4.69 x 10'11)

Solving the acid equilibrium equations produces the following relationships for the

relative fraction (a) of each carbonate species in solution (Boef 1977).

[H*]? _ [HyCO0s]
HY2+[H*|Ka1+ Ka1Kap  totalCO,(aq)

Olyacos = [

(1K a1 __ [HCO3]
H+]2+[H+]KA1+ KAIKAZ tOtalC02(aq)

Oycos~ = [
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Ka1K a2 - [C05%7]
[H¥2+[H¥|K g1+ K41K 42 totalCo,(aq)

Oco32- =

When assuming the pH at any given time reflects the true free H* concentration in
solution, each relative fraction can then be graphed over a range of pH to identify
where the dominant species lie (see Fig 4). Following these calculations, it can be seen
that H,CO3 is the dominant species below pH 5. Though H,COs; does not generally
accept protons, and hence cannot buffer pH decreases, it can lose a proton to form

bicarbonate as a response to base additions.

The reactions of bicarbonate are relevant for the back-titration with KOH used in the
proton-phosphate coadsorption experiments because this solution is not carbonate
free. The species may also act as a competitive binder with phosphate reducing

available sorption sites, if limited.
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Figure 4: Distribution of carbonate fractions in solution as a function of pH (adapted from vanLoon

and Duffy 2010)

2.4 SOIL SURFACE CHEMISTRY

2.4.1 |ON EXCHANGE & SORPTION PROPERTIES OF ENVIRONMENTAL COLLOIDS

As a consequence of their small diameter many soil clay materials are considered
colloidal, and exhibit unique properties because of their large surface area per unit

mass. The clay component of soils is pertinently summarised in Greenland and Hayes
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(1978, pg. 15) as the ‘active fraction’. Within soil clay fragment surfaces a complex
charge system exists, consisting of both variable and permanent charge components,
with one typically dominating over the other depending on the chemical nature of the
colloid (Zhang and Zhao 1997). A permanent charge component on 2:1 clay surfaces
primarily arises from isomorphous substitution of different valence atoms within the
aluminosilicate lattices during mineral formation (vanLoon and Duffy 2010). The most
common substitutions are AI** replacing Si** and Mg?* replacing AI** (Sposito 2008; see
Fig 5). Higher valency species are almost exclusively replaced by lower valence ions,

which give clay surfaces a negative charge (vanLoon and Duffy 2010).

The ionic imperfections are fixed within the crystal lattice, resulting in a permanent
charge imbalance that cannot be affected by surface ion concentration or pH
(Gangaiya and Morrison 1987). Within aluminosilicate clays (both 1:1 and 2:1), a
variable charge arises from the loss of H" when hydroxyl groups are ionised (Fig 6)
(Sposito 2008), however this is negligible in 2:1 clays as the permanent charge

influences are far greater.

Oxyhydroxides of iron and aluminium are present in soils and also contain a variable
surface charge. The proton dissociation equilibria are pH dependent, (see Equation 2)
producing a positive or negative surface charge for a low and high pH respectively

(Zhang and Zhao 1997).

M-OH," = M-OH + H" = M-0 + 2H" (2)

However, the surface charge is predominantly negative under normal soil conditions
(Sposito 2008).The adsorption and exchange of crucial ions for optimum plant growth
conditions, such as PO,>, NH,* and metal cations, are key features pertaining to the
charge among these environmental solids. There are two mechanisms by which

surface adsorption of ions can occur.
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Figure 5: Comparative net surface charge decrease due to the effect of isomorphic substitution
replacing an AP* cation with Mgz+ in 2:1 clays (Brady and Weil 2002, pg. 323)
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Figure 6: Surface charge of clay surfaces arising from deprotonation of hydroxyl groups (Trainor 2008)

The first mechanism is electrostatic retention, which is a reversible process (Zhang and
Zhao 1997). The surface charge of colloidal solids attracts counter ions of the opposite
charge from the surrounding solution. The resulting distribution of ions attraction
produces an electrical double layer, and the ions within it are exchangeable with other

species present in the surrounding solution (vanLoon and Duffy 2010; see Fig 7).
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In the double layer, smaller and higher valence ions are more strongly attracted to the
surface, and the proportion of ions held is related to the surrounding solution
concentration. This surface-solution ion exchange behaves as an equilibrium, and
transitions to counteract the addition of further ions (vanLoon and Duffy 2010). When
moving away from the colloid surface, the attraction becomes exponentially less
strong, resulting in the balance between positive and negative ions rapidly shifting

towards that of the surrounding ‘bulk’ solution.

As many environmental solids have a net negative surface charge, electrostatic
retention gives soils a capacity to exchange, and thus buffer cation and acid
concentrations in the surrounding solution. Anion exchange also occurs, but to a lesser

extent (Sposito 2008).
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Figure 7: Annotated sections of the electrical double layer, cations are attracted in greater density to
stabilise the negative colloid surface at the stern layer (Thompson and Goyne 2012).

The second retention mechanism is specific binding, whereby solution species form
bonds with the colloid surface atoms (Sposito 2008). This can be viewed as a chemical
reaction for species such as phosphate, with an equilibrium that lies heavily to the

right (see Fig 8), due to the formation of covalent bonds.
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With specific binding, the degree of adsorption is much more dependent upon the
chemical affinity of the species with the colloid surface, than on electrostatic attraction
(Bradl 2004). As this type of binding is very thermodynamically favourable, the reaction
kinetics are fast; with the majority of sorption achieved after 10-16h and equilibrium

established after approximately 24 h (Hamdi et al 2014).
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Figure 8: Sorption equilibrium of phosphate onto iron oxyhydroxide surfaces (vanLoon and Duffy
2010, pg 433)

If the concentration of phosphate in the soil suspension is far less than that of the
bound P, the reverse process of specific binding (desorption) will occur, although at a
much slower rate than adsorption. Soils that have undergone extensive fertiliser
treatments and accrued a large amount of bound P have been documented to release
orthophosphate in flood events to the extent that the water quality is adversely

effected (Zou et al 2011).

Phosphorus adsorption has often been described as a highly complex process, and
understanding the chemical mechanism by which it occurs has been a key aspect of
past investigations. In particular, there was considerable uncertainty as to whether the
sorption of P onto metal oxyhydroxides was occurring by surface precipitation, surface
complexation or a combination of the two (Willett et al 1988; Strauss et al 1997; Ler

and Stanforth 2003; Huang et al 2009).

The use of charge distribution modelling, molecular orbital calculations and IR

spectroscopy has demonstrated that a variety of mono and bidentate surface species
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exist in adsorbed phosphate on goethite (see Fig 9) (Rahnemaie et al 2007), identifying
that surface complexation must be a significant contribution to the mechanism of P

sorption.

Furthermore, Huang et al (2009) reported an abrupt P adsorption maximum for
aluminium complexes at a pH of 4.0, and the authors found using surface
complexation theory that this was due to the absence of phosphate reactive triply
coordinated surface hydroxyls. These observations were concluded by the authors to

be inconsistent with surface precipitation as the dominant mechanism for adsorption.

+0.25 -2.25 +0.25 - 1.25 +0.25 -0.25

+0.5 -1.5 +.5  -05 Hs + 05

Figure 9: Varying degrees of protonation in monodentate (M) and bidentate (B) phosphate surface
complexes at the goethite interface. Pauling charge distribution values given for inner and outer
complex ligands (Rahnemaie et al 2007).

In addition to Fe and Al oxyhydroxides, the adsorption of phosphorus can also occur on
calcium in soils with a high proportion of CaCOs; (Bell and Black 1970), however this is
typically significant in alkaline conditions (Bolland 2003). The suspension pH values of
the soils studies were all acidic ranging from (4.3-5.5) and thus this form of P binding

can be ignored.
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2.4.2 PHYSICO-CHEMICAL FACTORS AFFECTING SOIL PHOSPHORUS ADSORPTION
Many studies have identified a variety of physico-chemical factors affecting the

adsorption of phosphate, and are presented below.

MOISTURE CONTENT

Soil is well known to undergo chemical and structural changes with fluctuations in soil
moisture content (Baskaran et al 1994; Buol et al 2011). With drying of the soil, greater
crystallisation of Fe and Al oxyhydroxides occurs, reducing sites available for
phosphate adsorption. Drying soils also causes lysis of microbial cells, halting the
mineralisation of organic matter, resulting in an increase in the amount of phosphate

available for sorption on mineral surfaces.

METAL OXYHYDROXIDE

As metal oxyhydroxides (particularly those of Fe and Al at and below pH 7) are the
predominant sorbents of phosphate, their nature in soils is a key factor determining
soil phosphate adsorption potential. Aspects such as particle size (whether clay, silt or
sand) govern the surface area of sorbent, and hence the quantity of exposed sites to
interact with the solution, with large surface areas greatly boosting adsorption (Ersahin
et al 2006). Soils with larger proportions of reactive metal oxyhydroxides are almost
invariably observed to have larger phosphate adsorption capacities than those which
do not (vanLoon and Duffy 2010). The ratio between Fe and Al soil concentrations also
impacts on the rate and capacity for P adsorption. Vimpany (1983) observed Al as the
dominant sorbent of P in low sorbing soils, but in soils of high sorption capacity Fe-P

appeared to dominate.

PH

Soil suspension pH exhibits an important effect on the dynamics of soluble P sorption.
As a general trend from literature studies, P adsorption reaches a maximum at a range
of pH values from 2-4, and then decreases with increasing pH (vanLoon and Duffy

2010; Buol et al 2011). This is in part due to the impact of pH on the aforementioned
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variable surface charge sites. Phosphate is preferentially absorbed as protonated
complexes at low pH, following the HSAB theory of ligand interactions (Antelo et al

2005; Huang et al 2009).

However, the pH dependency on P sorption is also due to a specific interaction of
aluminosilicate minerals with solutions of low pH. At pH < 5, the molecular structure of
these minerals starts to breakdown and in doing so release P reactive positive Al
species including AI(OH),", Al(OH)** and AI** (Sparks 2003). These species rapidly
precipitate soluble inorganic P in a reaction which is very favourable. This creates a
permanent sink for P, and can directly interfere with P adsorption experiments where

soil pH is low enough.

ORGANIC MATTER

Like many notions in soil investigations, the precise effect SOM (soil organic matter)
imposes on P sorption is a contested issue, as contradictory results have been found in
literature studies (Hiradate and Uchida 2004). A number of reports have found a
lowering of P sorption by soils in the presence of organic matter (Toreu et al 1988; Shi
et al 2010). The basis of this apparent relationship has been described by biological
decomposition of SOM into soluble organic species (humic and fulvic acids) which bind
in competition with phosphate on metal oxyhydroxide surfaces (deMesquitaFilho and

Torrent 1993; Shi et al 2010).

Those that have found a significant positive correlation between phosphate adsorption
and SOM attributed this to the potential for organic matter itself to form complexes
with metal ions on clays, such as smectite, which has a moderate affinity for P, though
not as great as Fe and Al oxyhydroxides due to its high negative permanent charge.
Other research has also demonstrated that organic matter itself can adsorb Fe and Al
species on its surface, which are then able to adsorb P from the solution, allowing SOM

to act as another P sorption facilitator (Gerke 2010).
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Such apparent conflict in results is accounted for by more recent studies which have
shown that soil P sorption capacity responses to organic matter are dependent upon
the properties of the soils themselves. Yu et al (2013) have demonstrated that basaltic
derived soils had their soil P sorption capacities boosted by OM additions after
incubation, while granite and river alluvial deposit derived soils had a decline in

strength of P adsorption declined after poultry manure compost was added.

Hiradate and Uchida (2004) also recorded results very similar to this trend, where
removal of SOM with chemical treatments raised or lowered P sorption depending on
the soil mineralogy and structure. The authors also found that in soils with SOM
present, the correlation between pH and P sorption was less strong, and concluded
that SOM also works to keep the quantity of available P sorption sites relatively

constant across a wide range of soil suspension pH values.

COMPETITION WITH ANIONS

Phosphate is not the only anion which can adsorb on clay mineral surfaces. Species
such as sulfate (50,%) and bicarbonate (HCO3) also favourably bind to these surfaces,
and will compete with phosphate. Lindegren and Persson (2009) demonstrated with IR
that partially protonated complex carboxylic acids would desorb phosphate surfaces
complexes from goethite as strong H-bonding interactions made binding more
favourable. However, a variety of adsorbents are present within soils, with differing
chemical properties and thus differing anion selectivity. This complicates the issue of
understanding and quantifying how competitive anions will affect P sorption.
Nevertheless, the degree to which these species affect P sorption is dependent upon

their relative concentration.

2.4.3 ENVIRONMENTAL SIGNIFICANCE OF SOIL PHOSPHORUS ADSORPTION

It would be meaningless to discuss the deep intricacies of phosphate adsorption in
soils without exploring why the topic initially merits such a study. Agronomic views
have changed from the past, where soils were assumed to be a permanent,

unrestricted sink of P (Nash and Halliwell 1998) to one where adsorption is treated as a
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